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Abstract 
The advancement of materials engineering relies on our ability to develop innovative 
processing techniques or incrementally improve efficiency of existing ones. Glass 
manufacturing is an energy intensive process. Many efforts have been focused on 
increasing the energy efficiency of glass melting, however, very few have focused on 
additional energy savings through innovative glass forming techniques. Therefore, 
reduction in glass processing time and temperature could be readily accepted into already 
existing or new forming techniques. A similar scenario has recently occurred in the 
ceramics community. A novel ceramic sintering technique, named flash sintering, has 
greatly improved sintering of ceramics by application of an electric field at elevated 
temperatures. The technique has been demonstrated to successfully reduce sintering time 
and temperature on a wide variety of ceramic materials. The underlying mechanism of 
flash sintering is controversial. It remains unclear if Joule heating solely accounts for 
flash sintering or if an electric field enhances defect concentration and mobility. In this 
dissertation, an innovative glass forming technique named electric field-induced 
softening (EFIS) has been demonstrated to reduce furnace temperature and processing 
times for bulk glass softening using an applied voltage, similar to flash sintering. A 
family of binary and mixed alkali disilicate glasses were used to delineate the role of 
alkali ion migration. This study also identifies the underlying mechanism of EFIS and 
provides insight on how to tailor the technique for application. 
The reduction of furnace temperature and processing time for glass softening was 
quantitatively measured as compressive displacement upon viscous flow of the glass 
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samples. The difference in temperature between conventional glass softening and EFIS 
was used to compare the effect of electric fields or more appropriately, applied voltage. It 
also allowed for quantitative comparison between glass compositions of varying glass 
transition temperatures. EFIS showed dependence on glass resistivity, applied voltage, 
frequency, current limit and heating rate. 
The formation of an alkali ion depletion layer was investigated due to EFIS being 
dependent on applied voltage rather than nominal external electric field. Electro-thermal 
poling and impedance spectroscopy was used to measure the kinetics of depletion layer 
formation along with its associated electrical and dielectric characteristics. The results 
from time-of-flight secondary ion mass spectroscopy (ToF-SIMS) showed a depletion 
layer thickness ranging from 50 nm to 200 nm depending on glass composition. The 
formation of the depletion layer also revealed two relaxation time constants (~20 s and 
~1,000 s) which have been attributed to alkali ion migration followed by electrolysis of 
non-bridging oxygens. The electric and dielectric properties of the depletion layer are 
similar to those of fused silica. 
Polarization mechanisms during EFIS were identified by investigating thermally 
stimulated poling current (TSPC). Four distinct regions of the TSPC were observed using 
DC voltages while only three were observed using AC. In the case of DC, the four 
regions corresponded to dipolar polarization, alkali ion migration, anion migration/proton 
injection and dielectric breakdown, in order of increasing temperature. Photoemissions 
were observed as part of the dielectric breakdown process using UV-Vis spectrometer. 
The peak temperatures of thermally stimulated current and their associated activation 
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energies of each peak were used to identify the dominate charge carrier process within 
each region. Activation energy for alkali ion diffusion was measured by both impedance 
spectroscopy and initial rise method. Secondary electron microscopy (SEM) and energy-
dispersive spectroscopy (EDS) were used to measure depletion layer depth profiles up to 
50 µm thick following EFIS. In the case of AC, the three regions of the thermally 
stimulated current are attributed to short-range oscillations of cations around the non-
bridging oxygens, long-range migration oscillations of cations followed by thermal 
runaway, in order of increasing temperature. 
Finally, finite element analysis (FEA) simulated two major parts of EFIS. First, the 
formation of an alkali ion depletion layer was modeled. The electrical properties of the 
depletion layer were then calculated as a function of composition from parent to modified 
glass. The current density decay of depletion layer formation agrees with experimental 
results from electro-thermal poling. Second, thermal runaway was calculated using a 
fixed depletion layer thickness at various starting temperatures. FEA also calculated 
thermal runaway with depletion layer thicknesses ranging from 5 nm to 50 µm starting 
from the same temperature. A maximum calculated temperature was about 1,650°C 
within the model on the anode side of the glass. Experimental measurements of thermal 
runaway were recorded using infrared imaging cameras up to a maximum temperature of 
2,000°C. Temperatures within the alkali disilicate glasses during EFIS readily exceeded 
1,300°C nearest the anode. A maximum temperature was measured to be 1,868°C during 
softening. Results from simulated FEA and experimental measurements are in good 
qualitative agreement with the proposed mechanism of EFIS. 
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Based on the above results, the overall mechanism that determines EFIS of alkali 
silicate glasses occurs as follows: i) dipolar polarization of alkali ions in the direction of 
the applied voltage, ii) long-range alkali ion migration toward the oppositely charge 
electrode, iii) formation of a highly resistive alkali ion depletion layer near the positively 
charge electrode creating a large internal electric field, iv) migration of anions toward the 
positive electrode along with proton injection into the depletion layer, v) mixed ionic-
electronic conduction sustains large internal electric field strength, iv) at elevated 
temperatures the dielectric strength of the depletion layer decreases to the point where it 
is exceeded by the local internal electric field within the alkali ion depletion layer. Here, 
dielectric breakdown occurs leading to thermal runaway and subsequent heat transfer into 
the bulk ultimately leading to bulk glass softening. 
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Chapter 1: Introduction and Background Review 
1.1 Glass introduction 
Glass is a useful engineering material due to several material properties such as its 
transparency, durability, and chemical stability. Glasses can also possess low thermal 
expansion and be excellent electrical insulators. Most commercially produced glasses are 
oxide silicates. These glasses have found a wide range of applications from basic 
functions such as windows, containers and decorative art to much more advanced 
functions such as dielectrics, photovoltaics, pharmaceuticals, surface patterned glasses, 
display glasses and optical devices.[1,2] 
Many advanced applications listed above require glass to interact with electric fields 
or electrical components. It is well known that mobile cations predominantly determine 
the electrical characteristics of oxide glasses below the glass transition temperature.[3] 
These cations can either be intentionally added for desired material properties or found as 
impurities. From this simple understanding, one can control the electrical characteristics 
of a glass through both batching and processing resulting in electrical conductivity 
ranging from 10-15 S/cm up to 10-2 S/cm.[4] 
Recently, there have been several innovations in glass processing that manipulated 
the electrical characteristics of glass to tailor specific properties of the material. Such 
innovations include electro-thermal poling[5,6], electrical imprinting[7] and anodic 
bonding[8], which apply external electric fields to glass. These techniques allow for 
careful control of modified glass composition as the mobile cations carry the charge from 
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one electrode to the other in the direction of the electric field. They also allow for precise 
control of modifying the glass on the micrometer scale.[7,9,10] 
1.2 U.S. glass industry 
Glass manufacturing is energy intensive and often encompasses long processing 
times. It consists of multiple stages that are vital to producing quality articles. The energy 
consumption per ton of glass produced is broken down by processing stage in Table 1-1 
for flat, container, fiber and pressed/blown glass sectors. Glass melting is the most energy 
intensive component for all sectors, accounting for approximately 50-80% of total energy 
consumption.[11] Whereas, there are many actions taken to reduce energy consumption 
of the melting stage, energy consumption in the post-melting process (20-50%) is 
significant and needs to be reduced.[12] As seen in Table 1-1, the forming process alone 
can consume about 30% of the total energy needed per ton of glass produced. Reduction 
of energy consumption for soda-lime container glass melting, when optimized conditions 
are in-place, appears to be nearing the theoretical limit indicating that further research 
will only provide relatively small energy savings.[11] As for post-melting processes, the 
state-of-art techniques are far from optimized relative to their theoretical limits.[11] 
Therefore, energy savings may be more readily obtained through innovative post-melting 
operations and techniques rather than optimization of melting. 
Several near surface glass processing techniques are currently under development for 
surface structuring of glass post-melting, such as abrasive (water/air) jet machining, 
micro-electrochemical discharge machining, laser machining and laser-assisted hot 
embossing.[13–16] However, these technologies are limited in the types of features that 
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can be produced to feature size of ~100 µm.[14] Smaller feature sizes less than 100 µm 
have been demonstrated, but the processing speed becomes unacceptably slow.[13,14] 
The slow speeds for small features and machine layouts required for these techniques are 
mostly suited for small scale applications such as optical and advanced electronic 
components. Another challenge for these techniques is that they are not easily scalable 
for large-scale applications involving flat glass.[15] Therefore, technologies that can 
improve manufacturing capabilities and efficiency of patterned glass are much needed. 
1.3 Flash sintering 
Electric fields, applied with a pair of electrodes can reduce the furnace temperature 
and sintering time of a wide range of ceramics.[17–21] This electric field enhanced 
sintering is generally divided into two regimes: field assisted sintering (FAST) and flash 
sintering – see Figure 1-1. In FAST, which occurs at low field, sintering is somewhat 
enhanced and progresses gradually with time.[17] By comparison, at higher fields flash 
sintering occurs abruptly in just a few seconds, when a critical temperature is reached at a 
given applied field.[17] Figure 1-2 characterizes flash sintering as a power surge 
produced by an abrupt increase in conductivity. It has also been reported that an applied 
DC electric field of similar magnitude to flash sintering had a significant influence on the 
flow stress of fine-grained Al2O3 and MgO.[22] 
The mechanism of flash sintering is controversial. The sudden increase in 
conductivity produces Joule heating, which has been the first explanation of the flash 
effect. A recent study using dynamic modeling with non-uniform temperature supports 
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pure Joule heating runaway to be responsible for enhancing the sintering rates.[23] The 
power dissipation in the sample from electrical heating is given simply by: 
𝑃 =
𝑉2𝐴
𝜌𝐿
    (Equation 1-1) 
where P is thermal power dissipation (watts), V is potential drop (V), A is cross-sectional 
area (cm2), ρ is resistivity (Ω.cm) and L is the thickness of the sample (cm). However, 
detailed studies suggest that Joule heating alone may not be sufficient to explain the 
extreme sintering rates of flash sintering.[20,24] In these studies Joule heating was 
viewed as being a consequence of Frenkel pair defect nucleation at furnace temperature 
that subsequently ionizes into charge neutral defects and electron-hole pairs.[24] Other 
mechanisms have been hypothesized to result in the formation of vacancies along with 
electrochemical reductions within the ceramic.[21] It is speculated that an increase in the 
number of vacancies enhances charge carrier mobility along with localized Joule heating 
further inducing the runaway process.[21] Impedance spectroscopy measured in situ 
during flash sintering of an ionic conductor (ZrO2: 8 mol% Y2O3), a proton conductor 
(BaCe0.8Zr0.1Y0.1O3-δ) and a semiconductor (SnO2: 0.5 mol% MnO2) show distinct 
differences in the electrical behavior. For example, differences between impedance 
spectra for samples of ZrO2: 8 mol% Y2O3 are shown in Figure 1-3a for flash sintering 
and Figure 1-3b for conventional sintering.[25] During conventional sintering, impedance 
spectroscopy revealed that charge carrier migration occurs through the bulk of grains and 
are blocked at the grain boundaries.[25] For flash sintering, only a single impedance 
semicircle was observed in Figure 1-3b with a 45° spike at low frequency. This is 
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attributed to the bulk grain while the low frequency spike suggests diffusion of the charge 
carriers occurs through intergranular layers with negligible blocking.[25] 
Beyond the DC results already mentioned, flash sintering has also been observed 
under AC fields of similar magnitude at frequencies of both 50 and 1000 Hz.[26,27] The 
application of AC fields also revealed two distinct regimes of sintering - FAST and flash. 
The main difference observed between DC and AC fields was the development of 
microstructure. It was reported that AC fields developed equiaxed grains while DC fields 
preferentially lead to grain growth in one direction.[27]  
1.4 Electro-thermal poling 
Electro-thermal poling was primarily developed to induce second-order nonlinear 
(SONL) optical susceptibility in glasses by application of DC electric fields.[28–31] In 
recent years, interest in this technique has expanded beyond SONL to enhance a variety 
of biological, physical and chemical properties of glass.[32–45] For example, electro-
thermal poling has been reported to modify a glass’ affinity to atmospheric water at the 
anode region.[45] The experimental setup of electro-thermal poling of glasses has many 
similarities to that of flash sintering. It generally comprises of four main processing steps. 
First, a glass is heated to a predetermined poling temperature (Tp) below the glass 
transition temperature (Tg), which allows for increased ionic conductivity while retaining 
the preformed dimensions. Electrodes on opposite sides of the glass sample are then used 
to apply a DC voltage (Vp) at Tp. After sufficient charge flow has occurred, the glass is 
then cooled to ambient while still applying the DC voltage to ‘freeze’ ionic 
displacements. Finally, the applied voltage is removed at ambient temperature where 
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ionic conductivity is significantly lower to prevent ionic migration back towards original 
positions. Modification of properties is largely effected by the formation of an alkali ion 
depletion layer at the anode due to charge transport of ions during these steps. 
Electro-thermal poling has been reported to cause structural rearrangements in glass 
such as the creation of an alkali ion depletion layer.[41,43,44] A consistent structural 
change following electro-thermal poling is an increase in polymerization of the glassy 
network in the subsurface region at the anode.[41,43] Thermally and electric field 
activated charge compensation of non-spontaneous structural rearrangements have been 
under debate. In any case, it appears that the charge compensation mechanism heavily 
depends on the electrode/glass interface and testing atmosphere.[41,43,44] For example, 
a commercially available borosilicate glass with ~5 mol% alkali content was poled at a 
temperature of 300°C for 30 mins with 2 kV in a nitrogen atmosphere.[44] An unpolished 
silicon wafer was used as the anode allowing the furnace atmosphere to fill gas gaps due 
to surface roughness. A gaseous discharge emission at the silicon anode/glass interface 
was attributed to the N2 electronic transitions from furnace atmosphere.[44] Within the 
alkali depletion layer, molecular oxygen, NO+ and NO2 were found as evidence of redox 
reactions.[44] Electro-thermal poling has also been used as a technique to imprint the 
surface of glass. Surface patterns can be imprinted using a patterned anode surface as 
shown in Figure 1-4a at and below the Tg to create sub-micron surface features such as 
seen in Figure 1-4b.[7,9,10] 
Despite numerous electro-thermal poling studies, the mechanisms responsible for 
depletion layer formation and charge compensation remain only partially understood. 
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There is consistent agreement that the cations migrate toward the cathode during poling 
creating a thin layer depleted of mobile positive ions within the glass nearest the 
anode.[28,37] However, bulk electrical conductivity and charge compensation via anion 
migration or cation injection from the anode remain additional possibilities.[30,42–44] 
The extent of electro-thermal poling has been shown to be dependent on both ionic and 
electronic conductivities.[31] The dielectric response of the depletion layer and bulk glass 
during poling also remains unclear, as we may anticipate it to also change since the 
dielectric constant of alkali silicate glasses decreases with decreasing alkali content.[46]  
The charge transport mechanisms of depletion layer formation of 46S4 bioactive 
glass (46.4SiO2 - 25.2Na2O - 25.2CaO - 3.2P2O5 in mol%) have been studied by Zakel et 
al.[32] Both the poling current and impedance spectroscopy were investigated in situ 
during electro-thermal poling. Post-poling analysis yielded a depletion layer thickness of 
about 110 nm.[32] The study also reported two charge transport processes with 
significantly different time dependences of poling current at a constant temperature: a 
first process with a fast time constant, τfast ~40 s and another process with a slower time 
constant, τslow ~1000 s. Zakel et al. presented a model for charge transport mechanisms of 
46S4 glass, which is described in Figure 1-5.[32] The τfast corresponded to Na+ ion 
migration creating a depletion layer where the electric field may approach the dielectric 
breakdown field strength allowing electrons to become mobile as shown in Figure 1-5. 
On the other hand, τslow was attributed to the migration of Ca2+ ions away from the 
depletion layer as seen in Figure 1-5. A numerical model using Monte Carlo simulation 
of 46S4 glass showed an excellent agreement with the time dependent Na+ and Ca2+ ionic 
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concentration profiles, as well as between experimentally measured relaxation time 
constants and theoretical calculations.[47] 
1.5 Thermally stimulated poling currents 
A method for characterizing polarization mechanisms in solids is by use of thermally 
stimulated poling currents (TSPC) [48–53]. During heating of an ionic conductor under 
an applied DC voltage, the temperature dependence of current is investigated. The testing 
procedure for thermally stimulated depoling current (TSDC) and TSPC are schematically 
shown in Figure 1-6a and Figure 1-6b, respectively. Increase in furnace temperature 
provides thermal energy to introduce/deplete various polarizations. The resulting 
variation of thermally stimulated current with temperature exhibits peaks superimposed 
on uniformly increasing current [54]. The characteristics of peak position relative to 
heating rate yields activation energy that can help identify polarization mechanisms [55]. 
If thermally stimulated peaks are well resolved with respect to temperature, the initial rise 
of current within a peak can give an accurate calculation for the activation energy 
associated with its polarization mechanism as well.[56] 
The resulting thermally stimulated current from ionic conductors such as glass arise 
from (a) the thermal release of trapped electrons, holes or ions, (b) some type of 
orientational (dipole) polarization, or (c) space charge polarization.[57] If a material 
contains several of these processes at different energy levels, a corresponding number of 
peaks should appear during heating to appropriate temperatures. 
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1.6 Dielectric properties 
Glass is often used in dielectric applications either as a capacitive element or as an 
insulator in electronic devices [58–60]. The dielectric properties of glass are primarily 
determined by four polarization mechanism: electronic polarization, atomic/ionic 
polarization, dipole polarization and interfacial polarization [58,61,62].  Under extreme 
conditions, such as the application of large voltages and high temperatures, glass has 
been observed to experience dielectric breakdown [63–67]. This is a process where the 
dielectric insulator suddenly becomes conductive due to several possible mechanisms 
depending on the situation. The most general mechanisms being intrinsic breakdown via 
charge particle impact ionization or thermal breakdown by Joule heating [64].  
The four main polarization mechanisms are briefly discussed as a reminder. 
Electronic polarization occurs when the electron cloud within each atom is shifted by an 
external electric field. The whole material then becomes polarized due to the collective 
shift of the negative electron clouds relative to the positive nuclei. In atomic or ionic 
polarization, ions within the dielectric material are slightly displaced due to the 
application of an external electric field (cations toward cathode, anions toward anode). 
This displacement results in a net average dipole moment per ion, creating polarization 
that carries charge. Orientational polarization results from molecules that contain a 
permanent dipole aligning with the external electric field due to torque. Finally, 
interfacial polarization occurs from charge accumulation at a boundary between two 
materials or regions. Charge accumulation at a boundary could result from the charge 
reaching the boundary but not being able to permeate it. The individual polarization due 
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to each of these mechanisms can then be summed to calculate a total polarization of the 
dielectric material.[68] Charge transfer across a dielectric material can occur from each 
of these mechanisms as they collectively align with the external electric field. 
Space charge theory has been developed to understand interfacial polarization and 
electret formation in solids originally for dry rectifiers and transistors. It is based on the 
release of electrons from the electrode and their conductance through the dielectric.[69] 
This has been applied to understand interfacial polarization of dielectric materials. During 
the application of a DC electric field to an ionic conductor, mobile cations predominately 
carry the charge. The migration of cations leave behind positive countercharges which 
produce local charge buildup. The uncompensated space charge layer is schematically 
plotted in Figure 1-7 for an alkali halide crystal along with the internal electric field and 
voltage distribution. From the developed space charge theory, the thickness of the space 
charge layer is determined by the following equation:[69] 
𝑑∞ =  √
2𝜀′𝑉
𝑁𝑣𝑒
⁄    (Equation 1-2) 
where d∞ is the steady-state thickness of the space charge layer [m], ε’ is the dielectric 
constant of the material [F/m], V is the applied voltage [V], Nv is the initial concentration 
of mobile charge carriers [m-3] and e is elementary charge [C]. Since most of the voltage 
drops across this layer, the local internal electric fields can be on the order of dielectric 
breakdown strength.[69] 
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1.7 Dielectric breakdown 
Under extreme conditions, dielectric materials can experience dielectric breakdown. 
The two main mechanisms leading to dielectric breakdown are either intrinsic or thermal. 
In the case of intrinsic breakdown, it occurs as an extreme form of polarization where the 
electric field is strong enough to cause ionization of atoms causing a charge carrier 
avalanche. If the energy gained by a charge carrier from the electric field is greater than 
the band gap of the material, then a collision with lattice vibrations could induce bond 
breaking. Secondary electrons from broken bonds could then further impact and ionize 
atoms leading to an avalanche. Thermal dielectric breakdown can occur if the material 
absorbs a large amount of energy from dielectric losses to the point where the material 
begins to heat. For ion conducting materials, an increase in temperature reduces its 
resistivity and could lead to thermal runaway if heat dissipation by conduction or 
radiation is not sufficiently rapid. 
Intrinsic and thermal breakdown are broad terms that incorporate many variations 
depending on experimental conditions. Dielectric breakdown has been observed in many 
cases to be dependent on sample thickness, temperature and surface asperities.[60,63,70–
73] An observation of dielectric breakdown shows that the breakdown strength of solid 
dielectrics decreases with an increase in sample thickness. It has been empirically 
modeled by an inverse power law.[72] Figure 1-8 shows the dielectric strength of SiO2 
films of varying thicknesses.[63] Here, the dielectric strength decreases with sample 
thickness up to about 10 µm at higher temperatures. Since glasses are ionic conductors 
that depend heavily on temperature, the dielectric strength is also dependent on sample 
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temperature. The relation between dielectric strength and sample temperature is 
summarized in Figure 1-9 for several glass types that contain alkali or are alkali 
‘free’.[73] Here, two regimes are observed: At low temperatures, breakdown is 
independent of sample temperature indicating intrinsic breakdown, whereas at higher 
temperatures breakdown is heavily temperature dependent, especially for the alkali 
containing glasses. The dashed dot lines reveal the behavior of Vermeer’s thermal 
breakdown strength based on the heat-balance of initial sample temperature and applied 
voltage rise.[66] The open symbols of Figure 1-9 show the maximum values of internal 
electric fields developed within glass samples during electro-thermal poling. These 
values exceed those predicted by thermal breakdown but remain lower than intrinsic 
breakdown.[73] 
1.8 Photoemission 
Light emission or photoemissions are characteristic features of breakdown of 
semiconducting and ion conducting materials.[70] The photoemission spectra during 
breakdown conduction are characteristic of single atomic species in the gaseous state and 
not of bound atoms of a solid.[70] The creation of photoemissions consist of three 
steps.[74] First, an electron initially collides with a gas molecule which becomes excited 
and emits a photon with a given energy during its relaxation back to the ground state. The 
energy of the emitted photon is determined by the energy difference in electron energy 
levels from the electron’s excited to relaxed states. Second, the emitted photon then 
propagates through the gas to the surface of the dielectric. Lastly, at the surface the 
dielectric emits an electron which serves as a seed for a new avalanche or participates in 
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an ongoing avalanche. The gas within the dielectric is formed due to large energy 
dissipation through the sample during breakdown causing solid-to-gas sublimation.[70] 
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Table 1-1: Energy consumption in mmBtu per ton of glass produced broken down by 
process stage. Glass forming consumes about 30% of total energy during production.[12] 
Energy Consumption by Process Stage 
Process 
Stage 
Flat Container Fiber Pressed/blown 
mmBtu
/ton 
% 
mmBtu
/ton 
% 
mmBtu
/ton 
% 
mmBtu
/ton 
% 
Batch 
preparation 
0.68 5.2 0.68 5.6 0.68 3.4 0.68 4.2 
Melting 
/refining 
8.6 66.3 5.5 45.7 8.4 41.6 7.3 44.8 
Subtotal 9.28 71.5 6.18 51.3 9.08 45 7.98 49 
Forming 1.5 11.6 4 33.2 7.2 35.7 5.3 32.6 
Post-
forming 
2.2 16.9 1.86 15.5 3.9 19.3 3 18.4 
Subtotal 3.7 28.5 5.86 48.7 11.1 55 8.3 51 
Total 12.98 100 12.04 100 20.18 100 16.28 100 
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Figure 1-1: DC electrical fields enhance the rate of sintering in 3YSZ. Moreover, an 
abrupt shrinkage occurs when the field is greater than a threshold value, estimated to be 
about 40 V/cm where full density is reached in just a few seconds.[17] 
 
Figure 1-2: Flash sintering manifests in a power surge at a critical sintering temperature is 
reached for 3YSZ. The onset of power instability coincides with the onset of flash 
sintering above a threshold electric field.[17]  
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Figure 1-3: Impedance spectroscopy diagrams of ZrO2: 8 mol% Y2O3 (a) flash sintered 
and (b) conventionally sintered to full density.[25] 
 
 
 
Figure 1-4: Scanning probe microscopy images of (a) the carbon-coated mold (groove 
depth=150 nm) and (b) glass surface imprint at 450°C, 200 V and 3 MPa for 180 s.[7] 
 
  
21 
 
 
Figure 1-5: Sketch of different steps of the layer formation at the anode/glass interface. 
The approximate values for a poling voltage of Vp = 50 V. The electric field, E, and the 
electric potential, φ, are plotted versus the distance from the anode x after completion of 
the respective step.[32] 
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Figure 1-6: Schematic representation of (a) TSDC and (b) TSPC measurement (from top 
to bottom) of polarization, sample temperature and current. Note: E is electrometer and R 
is recorder.[57] 
 
Figure 1-7: Space charge, field strength and voltage distribution in colored alkali halide 
crystal after charging (theoretical).[69]  
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Figure 1-8: The effect of specimen thickness on the breakdown strength of pyrex BSI 
glass for a voltage rise time of 30 seconds at different temperatures.[63] 
 
Figure 1-9: Breakdown strength and maximum internal poling field as a function of 
temperature. Also plotted are predictions of limiting Eb(T) behavior, per the theory of 
Vermeer (dash-dot lines), while the remaining lines are guides for the eye.[73] 
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Chapter 2: Statement of purpose 
2.1 Challenges 
A major challenge in the glass industry is the continual pursuit of reducing 
manufacturing costs while still producing quality products. Glass manufacturing and 
processing requires high energy, environmental and economic costs. The combination of 
these costs is currently at the point where further cost reduction can only be realized 
through innovative optimization and processing techniques. In the case of glass forming, 
following melting, the glass is usually formed while still cooling from melt 
temperatures.[2,11] This requires the forming line to immediately follow the glass 
melting tank during manufacturing. However, this may not always be practical. For 
example, if glass needs to be shipped to a consumer for further processing, the glass 
needs to be reheated to decrease its viscosity. Reheating glass to softening temperatures 
may require long processing times and significant energy costs as to avoid thermal shock. 
The interaction of glass with electric fields has been studied for many years on a 
variety of applications. Electro-thermal poling of silicate glasses has already been 
employed within the optically fiber community with success but with room for 
improvement.[31,75] There is practical knowledge of how to implement electro-thermal 
poling but a comprehensive understanding of underlying mechanisms is incomplete. 
Preliminary results on glass softening motivated by the successful implementation of 
flash sintering to ceramic processing has provided an avenue for addressing challenges 
within the glass industry. 
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2.2 Project motivation 
The challenging demands of glass manufacturing and successful results of flash 
sintering motivated this project. It focuses on the adaptation of electro-thermal poling and 
flash sintering to develop electric field-induced softening of glass. 
2.3 Objectives 
The development of an innovative glass processing technique encompasses the 
objectives of this dissertation on macroscopic results and identification of mechanisms 
for electric field-induced softening (EFIS) of alkali silicate glasses as follows: 
1. Can electric fields enhance the softening of bulk glass beyond the surface region 
i.e. is there a viable electric field-induced softening phenomenon? 
2. Anticipating the answer to (1) is yes, what are the quantitative dependences of 
furnace temperature reduction for glass softening on electric field magnitude, 
glass type and associated glass resistivities? 
3. Which mechanisms are responsible for EFIS and how do process parameters 
affect them? 
4. How can EFIS be appropriately modeled and optimized for glass industry use? 
2.4 Dissertation outline 
After a brief introduction of glass and its current technology state are presented, a 
review of general background knowledge and literature is presented in more depth in 
Chapter 1. Background topics include flash sintering, electro-thermal poling, thermally 
stimulated DC ionic conduction and dielectric breakdown. The literature review provides 
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a good understanding of the current knowledge about each topic and build towards 
critical questions addressed by this dissertation.  
Chapter 2 addresses the current challenge of energy reduction in glass industry and 
provides the motivation of this dissertation. It also includes this section listing the main 
objectives of this dissertation as a series of critical questions.  
The experimental methods of electric field-induced softening are described in detail 
in Chapter 3. They include the glass composition selection and preparation method, 
electrical characterization of glass samples using audio/RF frequencies, design of EFIS 
equipment along with alkali ion depletion layer depth and compositional analysis by 
energy-dispersive spectroscopy (EDS), secondary ion mass spectroscopy (SIMS) and x-
ray photoelectron spectroscopy (XPS). The parent and modified glass compositions were 
measured both qualitatively and quantitatively. The experimental details for infrared 
imaging (IR) of depletion layer formation and EFIS are also included. 
Basic electrical and dielectric characteristics of the prepared glass compositions is 
investigated in Chapter 4 by impedance spectroscopy. These data include the 
conductivity and capacitance of the glasses as a function of frequency and temperature. 
Impedance spectra were calculated to determine the DC conductivity, yielding the 
activation energy for ionic conduction. 
Novel glass softening results are presented in Chapter 5 for EFIS of alkali silicate 
glasses. A dramatic reduction in furnace temperature required for glass softening is 
presented for both DC and AC voltages. The dependence of EFIS on glass composition, 
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frequency and applied pressure are also presented in Chapter 5. Spectra of photoemission 
from the glass was observed during EFIS and are presented here. 
Chapter 6 addresses the electro-thermal poling characteristics of the same glass 
compositions used for EFIS. Impedance spectroscopy and current density decay 
measured the electrical and dielectric characteristics of the glasses. It identifies 
similarities between EFIS and electro-thermal poling and their main mechanism. 
The characteristics of depletion layer formation measured via thermally stimulated 
currents during EFIS are presented in Chapter 7. Here, the various peaks observed in DC 
are due to different polarization mechanism resulting in electrical conduction within the 
glass. Four regions within the thermally stimulated current measurements have been 
identified, which help build an understanding of the fundamental steps leading to EFIS of 
alkali silicate glasses. Thermally stimulated currents from AC reveal a non-ohmic 
behavior with temperature dependence. Chapter 7 also presents the characteristics of 
alkali ion depletion layer formation by compositional and thermal studies using EDS, 
XPS and thermal imaging. 
The mechanism of EFIS is considered in Chapter 8 as a series of distinct stages, 
ultimately leading to resistive self-heating. Finite element modeling of the alkali ion 
depletion layer is discussed here with respect to temperature. This chapter emphasizes the 
process of dielectric breakdown of glass during EFIS with the effects of Joule heating. 
Thermal runaway was experimentally measured with in situ infrared imaging and 
modeled with finite element analysis. It is often coincident with photoemissions which 
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are characterized as well. This correlation builds an understanding of dielectric 
breakdown just prior to the observed process of EFIS in glass. 
The conclusions of this dissertation are presented in Chapter 9 along with suggestions 
for future work to continue the development and understanding of EFIS in glass. Finally, 
operating procedures for impedance spectroscopy and EFIS are provided in Appendices 
A and B, respectively. Appendix C presents the theoretical equations used in finite 
element analysis whereas Appendix D lists the publications so far resulting from this 
dissertation.  
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Chapter 3: Experimental methods 
3.1 Glass compositions 
Five glass compositions were used in this study to delineate the role of alkali 
diffusion. Two of these glasses were binary alkali disilicate glasses (NS and LS), whereas 
two other glasses were mixed alkali lithium-sodium disilicates of varying alkali ion ratios 
(2L8NS and 5L5NS). The disilicate glasses were selected due to their similar network 
structure but varying electrical properties where the 50/50 mixed alkali ratio (5L5NS) has 
the highest resistivity.[76] For contrast, the final glass composition was a sodium 
aluminosilicate (NAS). Each glass type’s corresponding composition is listed in Table 
3-1. This dissertation used several batches of each glass composition. The characteristic 
properties of each glass melt are summarized in the corresponding table for each 
appropriate chapter. 
3.2 Melt-quench technique 
Standard melt-quench method was used to prepare all glasses by mixing varying 
amounts of sodium carbonate (NaCO3), lithium carbonate (LiCO3), alumina (Al2O3) and 
silica (SiO2) powders. The batched powders were then heated in a Pt-Rh crucible to 
800℃ at 10℃/min to decompose the carbonates and melted at 1550℃ for 2 hours using 
a heating rate of 2℃/min. The glass was poured into rectangular stainless-steel molds and 
annealed 20℃ below the glass transition temperature (Tg) for 3 hours. Samples were 
sectioned with a low speed diamond blade into rectangular blocks. The blocks were 
ground and polished to a final cross-section of 5 mm x 5 mm and a height of about 10 
mm for most of the measurements. The grit sizes used, in order, were 240, 320, 400 and 
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600. A solution of mineral spirits and paraffin wax was used instead of water to avoid 
alkali ions from being leeched out during sample preparation. Conductive carbon paste 
was applied to the top and bottom of the sample to ensure good electrical contacts with 
graphite electrodes. 
3.3 Differential scanning calorimetry 
The glass transition onset temperature (Tg) was determined by differential scanning 
calorimetry (DSC) in a NETZSCH 404/3F microcalorimeter. The DSC measurements 
were done from ambient temperature to 800°C at 10°C/min. The values for Tg are 
reported in Table 3-1 with their respective glass compositions. The glass transition 
temperature was measured for each batch of glass made for each composition.  This was 
done to ensure that each glass batch was similar, preventing unexpected variation of 
results between glass batches. The Tg for NS was measured to be 470°C as shown in 
Figure 3-1. The mixed alkali glasses 2L8NS and 5L5NS had Tg values at 424°C and 
420°C, respectively. A representative run for 2L8NS is shown in Figure 3-2 while 5L5NS 
is displayed in Figure 3-3 with Tg indicated. The Tg for LS was measured as 468°C and 
NAS was 511°C. 
3.4 Impedance spectroscopy 
Electrical impedance was measured on thin samples (~1 mm) that were ground and 
polished to obtain parallel surfaces. Gold electrodes were sputtered on the top and bottom 
of the sample in a three-probe configuration using a Polaron SEM Coating Unit E5100 
and a ring mask. A schematic of electrode configuration is shown in Figure 3-4 along 
with circuit connections.[77] Figure 3-5 shows the sample configuration where the top 
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center electrode was connected to high potential, bottom electrode was low potential and 
top outer ring electrode was ground. Gold electrodes were connected to platinum wires 
using high purity silver paint. The AC conductance (G) and capacitance (C) of the 
samples were measured in a frequency range from 10 Hz to 100 kHz using a capacitance 
bridge (Andeen Model CGA-83), as a function of temperature from ambient up to Tg. 
Measurements were performed when the temperature was stabilized within ±0.2 K. The 
operating procedure for impedance spectroscopy using the Andeen capacitance bridge is 
described in Appendix A. 
3.5 Design of EFIS equipment 
A pneumatic creep tester (Applied Test Systems (ATS) model 2605) was chosen to 
conduct electric field-induced softening experiments due to its ability to apply a load at 
high temperature while monitoring the sample through two window slits into the furnace. 
Modifications were needed to mechanically test the glass samples under DC electrical 
fields as seen in Figure 3-6. Modifications to the furnace included the addition of a 
cathode and an anode to apply electric field across the sample. A spectrometer probe and 
video camera used the window slits to monitor the sample in situ. A thermocouple was 
placed further into the furnace near the sample. The ATS pneumatic creep tester was 
originally designed for tension testing only. So, a set of hooks was designed to convert 
tension into compression (i.e. pull to push), as shown in Figure 3-7. The compressional 
hooks where placed on the ends of the pull rods as seen in Figure 3-8a. A range of 0.85 
MPa to 25 MPa compressive stress could be applied to the samples. The sample 
placement between the hooks is displayed in Figure 3-8b with the sample thermocouple 
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near the sample on the backside of the hooks. An overall schematic of the experimental 
setup is given in Figure 3-9. Optical emission was recorded through the back window slit 
of the furnace. The spectrum was recorded with an Ocean Optics USB4000 UV-VIS-ES 
spectrometer with a wavelength (λ) resolution of ~1.5nm. 
3.5.1 DC setup – circuit schematic 
The external voltage ranging from 0 to 200 V was applied with a DC power supply 
(Harrison Laboratories model 890A). The electrical behavior of the samples was 
measured by a specially designed circuit as shown schematically in Figure 3-10. Voltage 
was measured across the sample. Current was monitored as the voltage drop across a 
sensing resistor of either 1 Ω or 1 kΩ,. The voltage across the sample and voltage 
corresponding to current were first converted to voltages appropriate for recording using 
a DATAQ Instruments model DI-149HS. A power resistor of 250 ohms was inserted in 
series with the sample in order to limit the current in the circuit to 0.5 A. 
The large voltage across the sample was first reduced through a divide by 100 
amplifier using a precision operational amplifier (OP07), as shown on the left side of 
Figure 3-10. For AC measurements, the voltage was subsequently rectified by a second 
stage. Finally, the rectified voltage was filtered by a third filtering stage. With this signal 
processing, the original voltage was reduced and filtered to a 0 to 10 V DC signal that 
was recorded in WinDaq software provided by DATAQ Instruments. 
The voltage across the current sensing resistor was similarly processed by three stages 
shown on the right side of Figure 3-10. The primary difference being in the first stage 
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where amplification was necessary. This first stage is a high gain amplifier discussed 
further below. At low electrical conductivities corresponding to low furnace 
temperatures, the 1 kΩ sensing resistor was used to multiply the current measurement 
through the sample. The resistance across the 1 kΩ sensing resistor is negligible 
compared to the resistance of the glass sample at low temperatures. At high temperatures 
where electrical conductivity is higher, the 1 Ω sensing resistor was used when lower 
amplifying gain was needed. This change also ensured the resistance across the sensing 
resistor remained negligible compared to the sample, even at high temperature.  
The amount of gain across the first stage was controlled by a rotatory switch with 
which changed the feedback resistance and consequently multiplied the input voltage 
across the sensing resistor. The gain was determined by the ratio of the input resistor (10 
kΩ) with the selected feedback resistor. The feedback resistors used were 10 MΩ, 1 MΩ, 
100 kΩ and 10 kΩ, which are displayed in Figure 3-10 and correspond to a gain of 
x1000, x100, x10 and x1, respectively. The rotary used for controlling the gain was a 2-
pole 6-position switch. This allowed for the opportunity to record the switch position of 
the gain by following an incremental voltage drop across series resistors on the second 
pole. A switch option was installed so that if AC experimental conditions were used, the 
amplified voltage across the sensing resistor could be subsequently be rectified into a DC 
signal, similar to how the voltage across the sample was processed. If the experimental 
conditions were for DC, then the switch could be toggled to skip this step. Finally, the 
measured voltage was filtered to eliminate noise captured by the circuit that could be 
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amplified by the precision operational amplifier. The processed signal was recorded 
within 0 to 10 V DC utilizing the WinDaq software. 
3.5.2 AC setup – circuit schematic 
The same pneumatic creep tester and measurement systems were used during testing 
with AC fields. An specialized AC power source was built to provide AC voltages at 
variable frequencies and at rms voltage range similar to the DC testing, i.e. from 0 to 200 
V and is schematically shown in Figure 3-11. The frequency range of the AC power 
supply was 60 to 1000 Hz with a maximum current of 0.5 A. The AC power generator 
used with a push-pull PNP and NPN transistors arrangement to drive a 6V filament 
transformer in reverse. This provided an AC signal that was within the desired voltage 
and current range. As previously mentioned, the circuit for measuring the voltage across 
the current sensing resistor was built with a switch to toggle between DC and AC 
experimental conditions as seen in Figure 3-10. For AC testing the switch was toggled for 
the voltage measurement across the sensing resistor to bypass the rectifying stage used 
for DC. 
To ensure that the power dissipation in AC was the same as that in DC, an 11% factor 
was multiplied to the measured values of the former. This factor compensated for the 
ratio between RMS (0.707) and average (0.636) of an AC sinewave compared to a DC 
signal. For example, if 150V were applied across the glass in DC, the average read by the 
measurement circuit would be 150V. In the case of AC, 150V were applied across the 
glass the measurement circuit would read 135V as an average. However, the RMS value 
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would be 135*1.11=150V, which would ensure equivalence of power under DC and AC 
conditions. 
3.6 Measurement of EFIS 
A constant heating rate of 10°C/min was used for all EFIS measurements. Furnace 
temperature was measured with a thermocouple placed next to the sample as shown in 
Figure 3-6. The experiments were carried out under compressive load ranging from 0.85 
to 25 MPa. Glass compression was measured with an Omega LD621-15 linear variable 
differential transformer (LVDT) gauge. The pull rod’s onset of rapid displacement was 
the measure of electric field-induced softening. The details of procedure for EFIS 
measurements with the ATS pneumatic creep tester are provided in Appendix B. 
The voltages across the sample and the current sensing resistor were monitored and 
imported directly into Microsoft Excel. A template was used within Excel to to adjust the 
processed voltage and current signals into their properly scaled values. The template 
simply multiplied the voltage signal by a factor of 100 to adjust the processed voltage 
value to match the applied voltage. Since further processing went into recording the 
current, the following equation was used to adjust the recorded voltage corresponding to 
the current through the sample as: 
𝐼 =
𝑉𝐼−𝐵
𝑅𝑠∗𝐺
    (Equation 3-1) 
where I is the current through the sample [A], 𝑉𝐼 is the voltage across the sensing resistor 
[V], B is the baseline voltage of the measurement circuit [V], 𝑅𝑆 is the resistance of the 
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sensing resistor [Ω] and G is the gain of the operational amplifier [unitless]. This 
template was also used to simultaneously record run time, push rod displacement (LVDT 
conversion 1V/mm), gain switch position, applied load (voltage = 0.01*load + 0.3 [V]) 
and furnace temperature (AD595AQ chip conversion 10 mV/°C). 
Videos of EFIS were also recorded through the front window slit of the furnace. They 
were captured at a rate of 29 frames per second. The time stamp of the videos were 
synchronized to the run time of the measurements recorded by the DI-149HS using 
Logger Pro 3.8 provided by Vernier Software.[78] The video recording was started upon 
the observation of small photoemissions near the anode and was stopped after the glass 
was fully displaced and the applied external electric field was removed. 
3.6.1 Defining softening point furnace temperatures 
The softening temperature of glass sample is determined from displacement vs 
furnace temperature plots (see Figure 3-12) as the intersection of two tangents for the 
gradual vs rapid slopes. The conventional softening temperature (TS0) is the furnace 
temperature at which the glass softens with 0 V applied at a constant heating rate. A 
representative calculation of conventional glass softening is shown in Figure 3-12a for 
the NS glass composition with 0 V at 10°C/min. The slight displacement (compression) 
at lower furnace temperatures is due to thermal expansion of the ATS pull arms and 
compressional hooks. At higher furnace temperatures, the larger displacements indicate 
viscous flow of glass. For experimental conditions with an applied voltage V, the EFIS 
temperature (TsV) is calculated in the same manner using the intersection of two tangents. 
37 
 
A representative calculation of TsV is shown in Figure 3-12b for NS with 150 V applied 
at 10°C/min as the intersection of the two blue slopes. 
3.7 Compositional analysis 
It was been well reported that exposing glass to electric fields results in ionic 
displacements.[6,43,61,79] These displacements result in a change in composition in the 
regions nearest the electrodes. The use of DC voltages has been observed to cause the 
largest compositional changes near the anode.[33,40,42] Several techniques were used to 
investigate the modified glass composition compared to the parent glass composition 
following exposure to electric fields: energy-dispersive x-ray spectroscopy (EDS), 
secondary ion mass spectroscopy (SIMS) and x-ray photoelectron spectroscopy (XPS). 
Representative samples used for EFIS were prepared for compositional analysis. After 
cooling the samples to room temperature, the samples were sectioned along the profile 
from anode to cathode. The sectioned surface was then ground down to 30 µm using SiC 
paper and 200 proof ethanol. Water was not used to avoid alkali leaching. The sectioned 
surface was then polished to a 0.25 µm finish using diamond paste and mixture of 
isopropanol and denatured alcohol. Immediately following final polishing, the samples 
were sputter coated with iridium. The coating had an estimated thickness of 1.3 nm. 
3.7.1 Energy-dispersive x-ray spectroscopy (EDS) 
Energy dispersive spectroscopy (EDS) was performed on samples using a Zeiss 1550 
Secondary electron microscopy (SEM). An accelerating voltage of 5 kV with an aperture 
of 120 µm and a working distance of 8 mm was used. Samples were coated with iridium 
to reduce charging effects. It should be noted that sodium migration away from the 
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electron beam was observed when a window length raster scan of 1 µm was used. EDS 
provided information about qualitative compositional changes along the profile of the 
glass from anode region to the center of the bulk and then from the bulk to cathode 
region. The region of the glass near the anode was placed facing away from the detector 
to avoid edge effects. Linescans are indicated on the appropriate SEM images by a 
yellow line. The regions that were selected for EDS mapping is outlined with a pink box. 
3.7.2 Time-of-flight secondary ion mass spectroscopy (ToF-SIMS) 
Time-of-Flight Secondary Ion Mass Spectroscopy (ToF-SIMS) analysis was 
conducted with an IONTOF ToF-SIMS IV-200P instrument. Measurements were made 
in a similar manner as reported by Zakel et al.[32,36] Upon completion of depth 
profiling, the crater depth was measured using a profilometer. Crater depth and sputtering 
rate were analyzed to obtain depth profiles. 
Depth profiling using SIMS was also performed on samples that were held at a 
constant furnace temperature during infrared imaging with applied voltages ranging from 
100 V to 200 V for depletion layer formation analysis. These samples were measured for 
both positive and negative ion concentrations in the glass region in contact with the 
anode. Two regions were measured for positive and negative ions on each sample for a 
total of four areas per sample that were characterized. Sputtering craters of 200 µm x 200 
µm were created for depth profiling. Only the center 100 µm x 100 µm raster was used 
for reconstructing the ionic depth profiles. A primary ion beam of Cs+ was used for 
sputtering.  The incident energy was 2 kV at a current of ~40 nA in a spot of ~20 µm 
diameter. 
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3.7.3 X-ray photoelectron spectroscopy 
Quantitative compositional changes were determined using x-ray photoelectron 
spectroscopy (XPS) on a Scienta ESCA300 instrument.  A poled NS sample was 
compared to an unpoled NS sample to highlight observed compositional changes along 
with chemical bonding environments. The poled NS was exposed to an applied voltage of 
100 V and cooled to room temperature just prior to EFIS with the applied voltage. This 
sample was then sectioned horizontally in the bulk to separate the anode side of the glass 
from the cathode side. The carbon paste coating was removed with acetone and cleaned 
with isopropanol. A reference sample of unpoled NS glass was then treated similarly 
where the surface was coated in carbon paste and then removed. This ensured that the 
surfaces measured by XPS were processed in the same manner. Each sample was pressed 
onto conductive carbon tape which was previously affixed to the sample holder. All 
measurements were made with an excitation energy of 1486.6 eV, Al Kα, where the 
analysis of electrons escaping was normal to the sample surface. A charge neutralization 
was employed during analysis to avoid charging of the glass surface. The measured 
spectra were referenced to Si 2p line at the literature value of 103.4 eV for SiO2.[80] 
3.8 Infrared imaging of temperature profile 
For infrared imaging of the temperature profile during EFIS the samples were 
prepared in a manner described earlier in section 3.2 for EFIS experiments with the 
exception that the final grinding was only to 130 µm. The final polish was eliminated in 
this case to avoid a smooth surface that could produce reflections altering the infrared 
(IR) measurements. Two types of IR cameras were used for thermal imaging during 
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EFIS. First, a FLIR SC8303HD-HS F/4 BHP 3-5um 1344X78 was used in collaboration 
with Corning Incorporated which was calibrated one month prior to the measurements. A 
100 mm lens with a 65 mm extension tube was used with the camera to give a resolution 
on target sample of 0.03 mm. This allowed for focusing on the target sample 24.4 cm into 
a furnace from a window. However, a 3x3 pixel matrix was averaged giving an achieved 
resolution of 0.1 mm. The maximum temperature reading of the FLIR camera was 
1,300°C  2%. Videos were collected at 30 frames per second and processed with two 
color scales. The first color scale showed relative differences in temperature change 
while the second scale was linear and showed specific temperature ranges. 
A second IR camera was used at Lehigh in combination with the same setup as 
described in section 3.5. This camera was a Fluke TiX660 IR camera with a resolution on 
target of 0.2 mm with a temperature range from -40°C to 2000°C  1.5%. These videos 
were also collected at 30 frames per second. 
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Table 3-1: Glass compositions and their respective glass transition temperatures (Tg) 
measured by DSC at 10°C/min. 
Glass Type Composition Tg [℃] 
NS 0.33 Na2O • 0.67 SiO2 469.7  0.9 
2L8NS 0.33 [0.2 Li2O • 0.8 Na2O] • 0.67 SiO2 424.3  0.7 
5L5NS 0.33 [0.5 Li2O • 0.5 Na2O] • 0.67 SiO2 420.4  0.3 
LS 0.33 Li2O • 0.67 SiO2 468.5  0.5 
NAS 0.25 Na2O • 0.05 Al2O3 • 0.70 SiO2 511.3  0.2 
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Figure 3-2: DSC measurement of 2L8NS from ambient to 800°C at a heating rate of 
10°C/min. Tg measured as 424°C. 
Figure 3-1: DSC measurement of NS from ambient to 800°C at a heating rate of 
10°C/min. Tg measured as 469°C. 
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Figure 3-3: DSC measurement of 5L5NS from ambient to 800°C at a heating rate of 
10°C/min. Tg measured as 420°C. 
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Figure 3-4: Three electrode configuration for electrical measurements. a) 
specimen with electrodes and b) circuit connections. Note: Guard ring thickness 
(g), central electrode radius (r1) and sample thickness (d). 
45 
 
 
 
 
Figure 3-5: Image of a NS sample with gold sputtered electrodes used for impedance 
spectroscopy with the three-probe configuration. Top center electrode was connected to 
high tension terminal, bottom electrode was low tension terminal and top outer electrode 
was ground of the general radio impedance spectrometer. Gold electrodes were connected 
to platinum wires using silver paint. 
  
46 
 
 
 
  
Anode 
Cathod
e 
Sample 
TC 
Spectrometer 
Probe 
Window 
Slit 
Figure 3-6: Modifications to ATS pneumatic creep tester for measurements of 
EFIS. A cathode and anode were made to apply an electric field across the 
sample. A spectrometer probe and video camera used the window slits into the 
furnace. A thermocouple was added near the sample. 
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Figure 3-7: Design and dimensions of compressional hooks (pull to push) for application 
of load to glass samples in the ATS pneumatic creep tester. 
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  a) b) 
Figure 3-8: Images into ATS pneumatic creep tester where a) compression 
hooks are placed on the ends of the pull rods and b) shows sample placement 
between hooks. 
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Figure 3-9: Experimental setup inside the modified ATS model 2605 pneumatic creep 
tester where the anode was located at the top of the sample and the cathode at the bottom. 
The electrode portion of the system was electrically insulated from the rest of the furnace 
through the Macor standoffs. 
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Figure 3-10: Schematic of measurement circuit used to record EFIS experimental data. 
Voltage and current were reduced and converted to 0 to 10 V DC and recorded with a 
DATAQ Instruments model DI-149HS. 
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Figure 3-11: Schematic of AC power supply used for EFIS. A transformer was driven in 
reverse where the output side was applied to the measurement circuit in Figure 3-10. 
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Figure 3-12: Representative calculations of intersecting tangents (highlighted blue) of 
softening temperatures of a) NS conventional Ts0 and b) NS TsV with 150 V applied at 
10°C/min. Note: This technique was applied to all EFIS tested samples.  
a) 
b) 
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Chapter 4: Basic electrical and dielectric characteristics 
Experimental data characterizing the basic electrical and dielectric properties of bulk 
glass compositions used for EFIS are presented here. Impedance spectroscopy is 
commonly used to analyze charge transport processes, which are modeled as an 
equivalent circuit of ideal resistors and capacitors.[81] AC conductance and capacitance 
were measured to yield impedance spectra along with activation energies for DC 
electrical conduction. The dielectric constant and dielectric loss were also calculated as a 
function of frequency. 
4.1 AC electrical characteristics of bulk glass 
Impedance spectroscopy was used to characterize the electrical behavior of each glass 
composition. The AC conductance (G, [Ω-1]) and capacitance (C, [F]) were measured 
using a capacitance bridge. Complex impedance analysis is composed of calculating the 
real (Z’, in phase resistance) and imaginary (Z”, out of phase resistance) parts of 
electrical impedance (Z* = Z’ + iZ”). The real and imaginary impedance are determined 
by the following relations of Equation 4-1 and Equation 4-2, respectively[77]: 
 𝑍′ =  
𝐺
𝐺2+𝜔2𝐶2
    (Equation 4-1) 
    𝑍′′ =  
𝜔𝐶
𝐺2+𝜔2𝐶2
    (Equation 4-2) 
where ω is angular frequency [Hz]. Conductance for NS as a function of frequency is 
shown in Figure 4-1 for temperatures ranging from 25°C to 525°C. From Figure 4-1, 
conductivity is frequency dependent at low temperature where its DC magnitude is 
minimal. At higher temperatures, the conductivity becomes temperature independent due 
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to the dominant DC component of ionic conduction. The observed general trend of 
conduction occurred for NS, NAS, 2L8NS and 5L5NS but shifted downward in 
magnitude as the mixed alkali ratio increased as expected from literature.[76] 
Conductance for 2L8NS from 78°C to 154°C is shown in Figure 4-2 as an example, 
which is used for calculating impedance spectra. Representative capacitance is shown for 
NS in Figure 4-3 for the same temperature range from 25°C to 525°C. Here, the 
capacitance shows frequency dependence for all temperatures measured, indicating that 
as frequency increases the sample capacitance decreases. However, at high frequency, the 
capacitance is observed to converge toward a frequency independence plateau. The same 
general trends of capacitance were observed for each glass composition. The capacitance 
values of 2L8NS corresponding to the conductance plots in Figure 4-2 are displayed in 
Figure 4-4. It should be noted that at higher temperatures near Tg, noise (crossover from 
high DC component) interfered with some measurements. For this reason, the amount of 
data points is reduced for higher temperatures as seen in Figure 4-1 and Figure 4-3. 
4.2 DC electrical conductivity 
Impedance spectra were, calculated using Equations 4-1 and 4-2 for each composition 
at all temperatures measured. Representative spectra are shown in Figure 4-5 for 2L8NS. 
The corresponding conductance and capacitance values used to generate these spectra 
were from Figure 4-2 and Figure 4-4, respectively. As temperature increased, the 
impedance semicircle decreased. The inset of Figure 4-5 reveals the decrease in 
semicircle size at 154°C compared to 78°C and 103°C. For example, the diameter of the 
78°C impedance circle along the real impedance was measured as 950 MΩ while 154°C 
55 
 
was measured as 4 MΩ. This is expected since ionic conductivity increases in an 
Arrhenius behavior. The intersection of the Z” vs. Z’ semicircle with the Z’ axis at low 
frequencies gives the inverse DC conductance 1/GDC. The DC conductivity is then 
calculated from the GDC by multiplying by the geometric factor of the sample as: 
σDC  =  GDCd/π𝑟1
2    (Equation 4-3) 
where, r1 is central electrode radius [cm] and d is the sample thickness [cm] which are 
shown schematically in Figure 3-4. As the impedance semicircle reduces in size with 
temperature, the corresponding conductivity increases. DC conductivity determined from 
AC complex impedance analysis gives a value of 3.88x10-8 S/cm for NS, 1.19x10-11 S/cm 
for the 2L8NS and 9.49x10-11 S/cm for 5L5NS at room temperature. 
4.2.1 Ionic conductivity activation energy 
DC conductivity was calculated from the impedance measurements at various 
isothermal holds from room temperature up to Tg. The activation energy of electrical 
conductivity is then calculated from its temperature dependence which follows an 
Arrhenius behavior. The activation energies for NS, NAS, 2L8NS and 5L5NS were 
calculated from the data presented in Figure 4-6. The slope of the linear relationship of 
ln(σDC) vs. inverse temperature from the Arrhenius equation (Equation 4-4 below) gives 
the activation energy. 
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𝜎𝐷𝐶 =
𝐴
𝑇
𝑒−𝐸𝑎 𝑘𝐵𝑇⁄     (Equation 4-4) 
where A is a pre-exponential factor, T is temperature in Kelvin, Ea is activation energy in 
eV and kB is Boltzmann’s constant [eV/K].[77,82] The calculated activation energies for 
NS, 2L8NS and 5L5NS are listed in Table 4-1 as 0.70, 0.99, 1.14 and 0.76 eV, 
respectively. In the case of alkali disilicate glasses, as the ratio of mixed alkali content 
increases from 0 to 1, the activation energy of electrical conductivity passes through a 
maximum.[82] LS was measured during electro-thermal poling of Chapter 6. 
4.3 Frequency dependence of dielectric constant 
The capacitance is expected to become frequency independent at high frequencies 
where it is unaffected by the electrode phenomenon.[83] For this case, the real and 
imaginary parts of dielectric constant may be simply calculated from capacitance and 
conductance with the following relations: 
𝜀′ =
𝐶𝑑
𝜀0𝐴
 , 𝜀′′ =
𝐺𝑑
𝜔𝜀0𝐴
    (Equation 4-5) 
where ε’ is dielectric constant, ε” is dielectric loss, A is effective electrode area [m2], d is 
sample thickness [m], ω is angular frequency [Hz], ε0 is permittivity of free space [F/m]. 
The dielectric constant for NS is shown in Figure 4-7 as a function of temperature. The 
dielectric constant for the mixed alkali glasses follows the trend identified by 
Tomozawa.[84] At low frequencies the mixed alkali glasses have a larger dielectric 
constant compared to single alkali glasses. At higher frequencies the dielectric constant 
of single alkali glasses becomes only slightly larger compared to mixed alkali glasses. 
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The corresponding dielectric loss for NS is calculated in Figure 4-8 as a function of 
frequency. Each composition experienced the same downward trend in dielectric loss 
with increased frequency. The frequency range measured did not capture the peak in 
dielectric loss exhibited by glass of similar composition.[83] 
4.4 Chapter summary 
The electrical conductivity of each glass composition was measured to be frequency 
dependent at low temperatures below 150°C. At higher temperatures, the electrical 
conductivity was frequency independent due to ionic conduction predominately carrying 
charge. The electrical conductivity decreased toward a minimum as the ratio of Na+ to Li+ 
ranged from 0 to 1. The capacitance was observed to be frequency dependent at all 
temperatures but appeared to be converging toward a common point at high frequency. 
This trend was measured for each glass composition. 
The conductance and capacitance were used to calculate imaginary versus real 
impedance to create Nyquist impedance plots. The DC conductivity was determined from 
impedance spectra. The temperature dependence of DC conductivity was used to 
calculate the activation energy associated with DC ionic conductivity. As the ratio of 
mixed alkali content increase from 0 to 1, the activation energy increase toward a 
maximum, as expected. 
The dielectric constant was measured to be both frequency and temperature 
dependent. Dielectric losses were measured to increase with temperature but decrease 
with frequency.  
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Table 4-1: Activation energies (Ea) for each glass composition measured by impedance 
spectroscopy (IS) ranging from ambient to Tg. 
Glass Type Composition IS Ea [eV] 
NS 0.33 Na2O • 0.67 SiO2 0.69 
2L8NS 0.33 [0.2 Li2O • 0.8 Na2O] • 0.67 SiO2 0.92 
5L5NS 0.33 [0.5 Li2O • 0.5 Na2O] • 0.67 SiO2 0.97 
NAS 0.25 Na2O • 0.05 Al2O3 • 0.70 SiO2 0.70 
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Figure 4-1: Electrical conductance with respect to frequency for NS glass from room 
temperature to 525°C. The relative trends are the same for all glass compositions but shift 
downward with increased mixed alkali content. 
 
Figure 4-2: Representative variation of conductance vs. frequency for 2L8NS at 78.5, 
103.3 and 154.3°C. Note: All glass compositions followed similar behavior. 
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Figure 4-3: Capacitance as a function of frequency for NS glass from room temperature 
to 525°C. The relative trends are the same for all glass compositions but shift downward 
with increased mixed alkali content. 
 
Figure 4-4: Representative behavior of capacitance vs. frequency for 2L8NS at 78.5, 
103.3 and 154.3°C. Note: All glass compositions followed similar behavior. 
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Figure 4-5: Nyquist impedance plots for 2L8NS at 78.5, 103.3 and 154.3°C. Real and 
imaginary components of impedance were calculated using data collected in Figure 3-6 
and Figure 3-7. Note: All glass compositions behaved similarly. 
 
Figure 4-6: Arrhenius plot for evaluating the activation energy for each glass composition 
using conductivities from impedance spectroscopy, ranging from ambient to about 400°C  
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Figure 4-7: Real dielectric permittivity for NS as a function frequency from room 
temperature to 525°C. The relative trends are the same for all glass compositions. 
 
Figure 4-8: Imaginary dielectric permittivity for NS as a function frequency from room 
temperature to 525°C. The relative trends are the same for all glass compositions.  
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Chapter 5: Effect of electric field on the softening of alkali silicate glasses 
In general, glass is usually softened or formed by heating the sample to a high 
enough temperature to achieve viscous flow. Electric field-induced softening (EFIS) of 
glass applies an external electric field across the sample while applying pressure inside a 
furnace during constant heating rate. The application of the field has been observed to 
dramatically reduce the furnace temperature and time required for glass to soften as 
compared to conventional softening during a constant heating rate. These observations 
have been made while applying moderate external electric fields ranging from 0 V/cm to 
250 V/cm. Direct current (DC) and alternating current (AC) have both been investigated 
within the scope of EFIS. Quantitative measurements of the reduction of furnace 
temperature for glass softening, defined as the temperature where rapid displacement of 
glass occurs, are reported in this chapter. 
5.1 DC dependence of EFIS 
Representative behavior of glass softening is shown in Figure 5-1, in terms of the 
strain gauge displacement (shown as negative values since the experiments were done in 
compression) as a function of temperature (that increases at a constant heating rate). 
These data are for the simple sodium disilicate glass composition with a field varying 
from 0 to 200 V/cm. 
There is slight slope to the displacement in the push rod as the temperatures rises, 
which is attributed to thermal expansion in the loading structure as demonstrated by using 
an alumina reference sample in Figure 5-1. The sudden and much greater displacement at 
higher temperatures arises from viscous flow. We define the softening temperature, Ts, by 
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the abrupt onset of large deformation indicated by the red arrow in Figure 5-1. Note that 
the temperature for the onset of viscous flow decreases as the applied electrical field is 
increased. 
The curves for 0, 50 and 100 V/cm field show compressive displacement that occurs 
gradually. But at fields greater than 125 V/cm viscous flow occurs abruptly. (A visual 
demonstration is included in supplemental information as ‘Video A NAS 150V EFIS’). 
Thus, we observe two regimes of behavior. At low electric fields (100 V/cm in Figure 
5-1, stage I) the viscosity decreases gradually, in a manner that is similar to the reference 
sample at 0 V. However, at high fields ( 125 V/cm, stage II), NS samples flow quickly, 
within a few seconds, at furnace temperatures that are well below Tg (see Figure 5-1 
below for details). This behavior is similar to the observations in flash sintering of 
ceramics described in section 1.3.[17] 
5.1.1 Compositional dependence of DC EFIS 
It is well-known that alkali ions are the dominant charge carriers in silicate glasses.[3] 
The role of alkali ions has been investigated by gradually substituting sodium ions by 
lithium ions in the sodium disilicate glass. The bulk resistivity of these mixed alkali 
glasses goes through a maximum at Na/Li ratio of ~0.5; so 5L5NS has the highest 
resistivity as shown in Figure 4-6.[76] Therefore, we may expect that the glass with the 
highest resistivity to be the least influenced if EFIS arises from Joule heating. 
Representative softening behavior of 2L8NS and 5L5NS is shown in Figure 5-2 and 
Figure 5-3, respectively. Another glass composition was tested that contained 5 mol% 
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alumina which replaced an equivalent amount of soda (NAS). The softening behavior of 
NAS is shown in Figure 5-4. It is clearly demonstrated that as the resistivity of the 
associated glass composition is increased, the phenomenon still occurs but it does not 
have as pronounced of an effect on reducing the softening temperature as revealed by 
Figure 5-2 for 2L8NS and Figure 5-3 for 5L5NS. 
The effect of glass composition is analyzed by normalizing the data with respect to 
conventional softening of each glass composition in the absence of an applied field. 
These results are included in Table 5-1. The normalized EFIS effect is quantified with 
parameter ΔT(V) = (Ts0-TsV), where Ts0 is the softening temperature at 0 V (conventional 
softening), and TsV the softening temperature under an applied field (EFIS). These 
results, shown in Figure 5-5, delineate two regimes of behavior (stage I and II) similar to 
FAST and flash sintering in ceramics. At low electric fields, in stage I, ΔT(V) is small 
and increases slightly with field. At higher fields, typically above a threshold value, 
ΔT(V) begins to increase rapidly, marking a transition from stage I to stage II. For NS, 
2L8NS and 5L5NS the threshold fields are approximately 95, 100 and 175 V/cm, 
respectively. Above the threshold, the value of ΔT(V) is significantly higher for the 
binary NS glass than for the mixed alkali glasses. From Figure 5-5, ΔT(V) for NS had a 
maximum value of about 150°C at 200 V/cm while 2L8NS and 5L5NS ΔT(V) values 
were only about 50 and 25°C at 250 V/cm, respectively. This difference in EFIS of single 
and mixed alkali glass samples is attributed to the higher resistivity of the mixed alkali 
glasses. A higher resistivity reduces Joule heating, as shown by Equation 1-1, which may 
be responsible for the lower values of ΔT(V). It is interesting to note that ΔT(V) for the 
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NS glass increased continually with applied field, whereas it reaches a plateau at ~175 
V/cm for the mixed alkali glasses. This is discussed in the next section. 
5.1.2 Field/voltage dependence of EFIS 
Flash sintering was shown to be field dependent in section 1.3 where its sintering 
behavior changed above a threshold external field. Here, the voltage dependence of EFIS 
is demonstrated by comparing glass displacement (negative due to compression) versus 
furnace temperature of four NAS samples, for example. The first sample is a control 
measurement of conventional glass softening during heating with 10 MPa compressive 
stress and zero voltage applied. Here, Ts0 is the furnace temperature at which the glass 
softens without applying an external voltage; it is indicated by the arrow in Figure 5-6. 
The onset of large compressive displacement was used to determine the temperature of 
glass softening. The next two samples were of varying heights with the same externally 
applied voltage of about 200 V. The external field of the two samples were 200 V/cm and 
267.4 V/cm as labeled in Figure 5-6; both tests exhibited a similar reduction in furnace 
temperature. The fourth sample in Figure 5-6 used a smaller applied voltage of 143 V on 
a shorter sample making the external field 200 V/cm. The reduction in furnace 
temperature for this case was not as dramatic as those observed with 200 V applied 
suggesting that ΔT for EFIS is a function of applied voltage than external field strength. 
The voltage dependence of EFIS for NAS glass was further studied at several more 
voltages. The reduction in softening temperature with applied voltage follows the same 
trend as in section 5.1, i.e. as the applied voltage increased, the furnace temperature at 
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which glass softened also decreased. The furnace temperature of glass softening for NAS 
was reduced by 130°C with 200 V applied as compared to when no voltage was applied.  
Since glass is a well-known insulator, a test was carried out to ensure current flow 
was through the bulk of the glass rather than along the surface. This was determined by 
varying the surface roughness of the samples, which alters the path length for surface 
conduction without altering the volume path. The effect of surface roughness on EFIS is 
indicated by the samples designated as ‘199.5 V 30 µm’, ‘199.4 V 130 µm’ and ‘199.8 V 
130 µm’ in Figure 5-7. The indicated surface roughness was the last grinding paper grain 
size used during sample preparation. Since a change in surface roughness did not 
influence the TsV of the glass, we conclude that the observed current flows through the 
volume of glass, unaffected by the surface. The data also show high reproducibility of the 
measurements. 
5.1.3 Field/voltage dependence discussion 
It was originally thought that EFIS (or more specifically, the reduction in furnace 
temperature ΔT for glass softening) was dependent on the applied external electric field. 
However, Figure 5-6 shows that EFIS is dependent on applied voltage rather than the 
nominal external electric field across the glass i.e. voltage/thickness of the sample. This 
correlation has been observed similarly for electro-thermal poling and is expected for 
glasses containing alkali ions [85]. It differs from that observed for flash sintering where 
the reduction of furnace temperature required to fully sinter ceramics depends on the 
applied external field [17,86]. The observed voltage dependence of EFIS can be 
explained by considering the alkali ions migrating away from the positively charged 
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anode when a voltage is applied across the glass [6,32]. The migration results in the 
formation of a thin and highly resistive alkali ion depletion layer near the anode [32]. 
Consequently, the poling voltage drops predominantly across this layer, creating a large 
local internal electric field [32]. The depletion layer thickness has been measured to be on 
the order of 100 nm during electro-thermal poling [32,36]. For the range of voltages 
shown in Figure 5-5, for example 175 V, the internal electric field would be roughly 
1.5x109 V/m which is similar to the dielectric strength of silica [65,66]. An 
approximation to silica is believed to be appropriate to describe the modified glass 
composition within the depletion layer. The electric field in the rest of the sample with 
higher alkali concentration then becomes negligible, hence irrelevant, compared to the 
internal electric field across the depletion layer. 
Now with the understanding of the voltage dependence of EFIS of alkali containing 
glasses, the data that was presented as electric field dependent for NS, 2L8NS and 5L5NS 
glasses along with the present data set for NAS is reanalyzed as voltage dependent. The 
replotted data, as seen in Figure 5-8, shows the relationship of the change in furnace 
temperature ΔT= Ts0 – TsV (where Ts0 is the conventional softening temperature and TsV 
is the EFIS temperature) as a function of externally applied voltage, V. Obvious changes 
in EFIS are seen in Figure 5-8 as the glass composition is changed. Since electrical 
conductivity of glass is primarily determined by ionic conduction, a change in alkali ions 
will affect charge flow [3]. Impedance spectroscopy provided resistivity for each glass 
composition (see Sections 4.2.1 and 6.2). As expected from mixed alkali effect, the 
resistivity of the glass increases as the ratio of lithium to sodium ions in the glass 
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composition increases to 50/50. The reduction in furnace temperature, ΔT indicating 
EFIS, is plotted in Figure 5-8 as a function of applied voltage. In general, as the 
resistivity of the glass increases, ΔT decreases. For example, the maximum values of ΔT, 
which were observed with 200V, were 181, 127, 62 and 36°C for NS, NAS, 2L8NS and 
5L5NS, respectively. The reduction of EFIS is due to the mixed alkali effect where 
5L5NS has the highest resistivity and hence, lowest ΔT [76]. The kinetics determining 
the formation of the alkali ion depletion layer is controlled by the glass resistivity. At 
higher resistivities it is necessary to provide additional thermal energy for alkali ion 
diffusion to create the alkali ion depletion layer which ultimately reduces ΔT of EFIS.  
 Large scatter in the data of Figure 5-8 is indicative of the variability of the depletion 
layer characteristics.[6] Nevertheless, the behavior in Figure 5-8 demonstrates an 
exponential dependence of ΔT on V. It can be described empirically as: 
ΔT = A*[exp(B*V)-1]   (Equation 5-1) 
where V is the applied voltage [V], A is a pre-exponential factor [K] and B is a fitting 
parameter [V-1]. Fits for each glass composition are shown in Figure 5-8 as dashed lines 
from 0 V to 200 V. The values of the pre-exponential factor, A, and fitting parameter, B, 
are listed in Table 5-2. The values of B for NS, 2L8NS, 5L5NS and NAS are 12  1.7 
mV-1, 9.2  2.7 mV-1, 5.1  5.3 mV-1 and 17.5  3.7 mV-1, respectively. Large uncertainty 
in the fit occurs in the case of 5L5NS since its EFIS voltage dependence is much weaker 
than that of the other glass compositions, but still the data follows the same trend. 
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The dependence of EFIS on applied voltage rather than external electric field easily 
explains the plateau behavior of ΔT(V) in Figure 5-5 for the mixed alkali glasses. The 
maximum of the DC power supply was 200 V, therefore, in order to increase the external 
electric field any further the height of the sample was reduced but the same voltage was 
applied across the glass. This resulted in the observed plateau of Figure 5-5. 
5.2 AC dependence of EFIS 
The effect of an AC voltage on EFIS is shown in Figure 5-9 for two glass 
compositions. The compositions chosen are the least resistive glass, NS, and the most 
resistive glass, 5L5NS. Here, a constant voltage of 150 V was chosen to compare the 
RMS of AC voltages with DC voltages that can be thought of as very low or zero 
frequency AC oscillations. A pressure of 1 MPa was applied to all samples tested in AC. 
The same constant heating rate of 10°C/min was used for all samples as well for 
comparison with DC EFIS results. Overall, the use of AC voltages further reduced the 
furnace temperature required for glass softening as compared to both the DC case and 
conventional softening. In the case of a DC voltage for both NS and 5L5NS, the 
compressive displacement occurs abruptly compared to AC. Since heating is done at a 
constant rate, the temperature axis correlates with run time. A vertical or near vertical 
displacement was measured for 150 V 0 Hz (DC scenario) for both NS in Figure 5-9a and 
5L5NS in Figure 5-9b. With AC voltages of 150 V, the displacement of the glass samples 
was gradual, indicating that the rate of displacement decreased compared to DC with the 
same applied pressure.  
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5.2.1 Frequency dependence 
The applied AC voltage of 150 V ranged in frequency from 0 Hz (DC) to 1000 Hz. 
Using the intersecting tangent method as described in section 3.6.1, the furnace 
temperature at which softening occurs was defined as TsV. These values are summarized 
in Figure 5-10a for both NS and 5L5NS with respect to frequency. For comparison, the 
Ts0 values are added to Figure 5-10a as well and circled with a dashed outline. The 
introduction of an oscillating voltage lowered furnace temperatures for EFIS beyond the 
DC case. However, within the range of frequencies tested (60 Hz to 1000 Hz) the furnace 
temperature for glass softening remained relatively constant. This is likely due to the 
elimination of the depletion layer. It is believed that at much higher frequencies in the RF 
range a frequency dependence could be realized due to additional dielectric losses. As of 
now, little work has been done within the flash sintering community of ceramics 
investigating a frequency dependence on the reduction of furnace temperatures.[21] 
5.2.2 Compositional dependence of AC EFIS 
The effect of glass composition on AC EFIS can be determined by plotting the 
difference in softening temperature to conventional softening temperature of NS and 
5L5NS as ΔT(V) in Figure 5-10b. The same trend using AC voltages is observed as in the 
DC case. The less resistive glass had a much more pronounced EFIS temperature 
reduction comparatively. From Figure 5-10b, NS with 150 V applied had a DC ΔT of 
181°C and an average AC ΔT of 224°C. The DC ΔT for 5L5NS was 12°C and an average 
AC ΔT of 63°C was measured. In both cases, additional furnace reduction was achieved 
with the application of an oscillating voltage. However, the glass composition and 
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associated resistivity determined the magnitude of the EFIS effect. Therefore, the role of 
alkali ion diffusion plays a role in the kinetics of EFIS in both AC and DC scenarios. 
5.3 Pressure dependence of EFIS 
The effect of applied pressure as a processing parameter for EFIS was also studied. A 
range of pressures from 0.85 MPa to 25 MPa was applied together with an external 
voltage to the samples. Figure 5-11 shows a set of data for NAS samples with varying 
pressure of 0.85 MPa to 10 MPa under an applied voltage of 140-145 V. The results show 
that the applied pressure does not significantly influence the furnace temperature required 
for glass softening. However, it does influence the rate of displacement upon viscous 
flow of the NAS glass as seen in Figure 5-11. The change in furnace temperature, ΔT(P), 
is then plotted in Figure 5-12 as a function of applied pressure for two different applied 
voltages: 142  2 V and 199  1 V. Both sets of samples showed little to no influence of 
pressure on EFIS as compared to the dramatic dependence of externally applied voltage. 
The results in Figure 5-11 indicate no clear correlation between applied pressure and 
the EFIS temperature with an applied voltage of 142  2 V. A higher applied voltage of 
199  1 V was used with NAS samples to further examine the effect of pressure as seen 
in Figure 5-12. Once again, there is no correlation beyond voltage dependence. It is 
believed that the downward trend of ΔT in Figure 5-12 is due to experimental changes in 
external voltage. The phenomenon of Equation 5-1 accounts for the difference in 
softening temperature. For example, NAS with 200 V at 0.85 MPa has a ΔT of 120°C 
while 198 V at 25 MPa has a ΔT of 99°C; a difference of 21°C. This difference in ΔT for 
NAS is within the error of fitting of data to Equation 5-1 for the voltages of 198 V and 
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200 V. So the pressure does not influence the softening temperature of glass, unlike that 
observed during sinterforging of ceramics since glass is fully dense [87]. 
In comparison to T, the applied pressure significantly affects the rate of glass 
softening as noted above. With 0.85 MPa applied, the glass softened at a much slower 
rate as compared to 10 MPa in Figure 5-11. For example, with 0.85 MPa applied the 
glass displaced ~2 mm in 4 minutes while with 10 MPa the glass displaced ~3.25 mm in 
30 seconds. From Figure 5-11 and Figure 5-12 it is believed that pressure only affects 
viscous flow rate following abrupt thermal runaway of region IV, but not the EFIS 
initiation temperature itself. In any case, the influence of applied pressure as a processing 
parameter could be used to tailor the amount and rate of deformation during glass 
forming during EFIS. 
5.4 Photoemissions during EFIS 
5.4.1 DC photoemissions 
Just prior to and during EFIS each glass composition produced photoemissions at 
external fields greater than 50 V/cm. Figure 5-13a shows NS sample under 150 V/cm at a 
furnace temperature of ~435°C before photoemission. When the temperature increased 
above the flashing temperature (TF), the first photoemission was observed as seen in 
Figure 5-13b for a furnace temperature TF < T < TsV (see supplemental information 
‘Video A NAS 150V EFIS’). Figure 5-13b visually captured the photoemission near the 
anode which is located at the top of the sample in the image. It has been observed that NS 
flashed for a longer time frame (~2-5 min) before EFIS, while 2L8NS flashed for about a 
minute or less before EFIS. A spectrometer was used to collect the spectra of the 
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photoemissions from the various glass types, which will be discussed later in section 
8.3.1. 
5.4.2 AC photoemissions 
Photoemissions under AC field were observed similarly to the DC experimental 
conditions. There were two major differences, however, between AC and DC conditions. 
First, the photoemissions while using AC fields were less intense even with the same 
current limit through the samples. Secondly, the photoemissions were observed to occur 
at both electrodes. Although the video frame rate was slower than the AC frequencies 
used, the videos appear to show the photoemissions flickering suggesting they oscillate 
with the AC field. Representative photoemissions of AC testing are displayed in Figure 
5-14 for NS. Figure 5-14a shows NS with 120 V 60 Hz and Figure 5-14b is NS with 150 
V 125 Hz. The diagnostics of the photoemissions are discussed later in section 8.3.1. 
5.5 Chapter summary 
A new phenomenon of electric field induced softening (EFIS) of glass has been 
identified. The application of external voltage (both DC and AC) produces glass 
deformation at lower furnace temperatures than conventional glass softening. Higher 
voltages continue to reduce the furnace temperature for the onset of softening. The EFIS 
effect is stronger for the single than for the mixed alkali disilicate glasses, suggesting a 
role for ionic mobility in this phenomenon. The phenomenon is dependent on applied 
voltage rather than external electric field. 
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A change in pressure did not show a dependence on initiation of EFIS. Rather, 
pressure was observed to only aid in the rate of displacement upon viscous flow of the 
glass. This demonstrates that EFIS could potentially be tailored for surface imprinting. 
Photoemissions were observed only during high current passage through the glass 
samples. In DC, photoemissions were only observed near the anode while in AC they 
were seen at both electrodes.  
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Table 5-1: Glass compositions and their respective Tg and Ts0 values 
Glass type Glass Composition Tg [°C] Ts0 [°C] 
NS 0.3Na2O • 0.7SiO2 475 550 
2L8NS 0.33[0.2 Li2O•0.8Na2O] • 0.67SiO2 427 491 
5L5NS 0.33[0.5 Li2O•0.5 Na2O] • 0.67 SiO2 423 493 
NAS 0.25 Na2O • 0.05 Al2O3 • 0.70 SiO2 507 573 
 
 
Table 5-2: Empirical fitting parameters for A and B in Eq. 5-1 for estimating the 
reduction in furnace temperature for an applied voltage relative to conventional softening 
temperatures for each glass composition. Note: Large error in 5L5NS is due to small 
EFIS effect. 
Glass Type A [K] B [mV] 
NS 19.0  6.5 12.0  1.7 
NAS 3.8  2.7 17.5  3.7 
2L8NS 11.0   6.5 9.2  2.7 
5L5NS 14.4  22.3 5.1  5.3 
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Figure 5-1: Displacement vs. furnace temperature of NS at various applied electric fields 
with a constant heating rate of 10°C/min. The Tg for NS is indicated by arrow. Reference 
alumina rod displacement of the support structure is shown by light green dashes. 
Transition between Stage I and Stage II is shown by a vertical line while the onset of the 
large abrupt displacement is indicated by the red arrow.  
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Figure 5-2: EFIS displacement of 2L8NS at various applied electric fields with a constant 
heating rate of 10°C/min. 2L8NS Tg indicated by arrow. 
 
Figure 5-3: EFIS displacement of 5L5NS at various applied electric fields with a constant 
heating rate of 10°C/min. 5L5NS Tg indicated by arrow. 
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Figure 5-4: EFIS displacement of NAS at various applied electric fields with a constant 
heating rate of 10°C/min. 
 
Figure 5-5: Normalized FIS effect for NS (black, squares), 2L8NS (blue, triangles), 
5L5NS (pink, inverted triangle) and NAS (red, circles). The Difference ΔT(V) in regular 
softening temperature (Ts0) to softening temperature with an applied electric field (TsV) 
plotted versus applied electric field. Arrows indicate approximate threshold applied 
electric field for each glass composition. 
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Figure 5-6: Plot of change in sample thickness vs. temperature for NAS glass under 10 
MPa pressure, demonstrating that EFIS is dependent on external voltage rather than 
external electric field. 
 
Figure 5-7: Plot of change in sample thickness vs. temperature for NAS glass with 
different surface roughness. Applied pressure was 10 MPa. 
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Figure 5-8: Replotted data from Figure 5-5: ΔT(V) as a function of applied voltage where 
each glass composition is normalized to its respective Ts0. Dashed lines are empirical fits 
of Equation 5-1 to the voltage dependence of EFIS. 
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Figure 5-9: Electric field-induced softening of a) NS glass and b) 5L5NS 
glass with 150 V at a constant heating rate of 10°C/min. Various frequencies 
were used for AC testing. Note: The 0 V conventional softening of each glass 
was added for reference. 
a) 
b) 
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a) 
b) 
Figure 5-10: Comparison of EFIS with respect to frequency for NS and 5L5NS of 
a) EFIS softening temperature, TsV and b) change in softening temperature 
relative to conventional softening, ΔT(V). 
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Figure 5-11: Effect of pressure on EFIS of NAS glass. 
 
Figure 5-12: Effect of pressure on EFIS of NAS glass with 199   1V (Black, Squares) 
and 142  2V (Red, Circles) applied. 
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a) b) 
Figure 5-13: Images of NS during 150 V/cm test condition when 
the furnace temperature was a) T<TF and b) TF<T<TS of EFIS. 
 
a) b) 
Figure 5-14: Images of NS during EFIS with AC voltages of a) 120 V 60 Hz 
and b) 150 V 125 Hz. These images are representative of photoemissions 
observed at both electrodes. 
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Chapter 6: Electro-thermal poling of alkali silicate glasses 
An electro-thermal poling study was conducted for three reasons. First, the 
underlying mechanisms on the formation of an alkali ion depletion layer under DC 
voltages remains unconfirmed in literature. It is believed that these mechanisms also 
determine EFIS. Second, the electrical and dielectric behavior of the depletion layer 
needs to be compared to the parent glass composition. This will characterize the relation 
between modified and parent glass compositions in response to externally applied DC 
voltage. The third reason is to measure current versus temperature at a constant heating 
rate relating it to the EFIS process to identify similar mechanisms. 
6.1 Electro-thermal poling experimental setup 
Samples of NS, 2L8NS, 5L5NS and LS were melt-quenched with compositions listed 
in Table 6-1 LS was added to cover the full range of mixed alkali disilicate glass 
compositions to understand poling mechanisms. Samples were cut to a 10 mm x 10 mm 
rectangular cross section. They were ground and polished with 0.25 μm diamond paste to 
a final thickness ranging from 0.6 to 0.8 mm. Platinum film was sputtered on the top and 
bottom faces of the samples to make good electrical contact with the platinum coated 
stainless steel electrodes. 
Impedance spectra for all glass compositions were collected in 10°C intervals from 
30°C to 300°C with a 0.1 Vrms probing voltage using a Novocontrol Alpha-AK 
impedance analyzer (accuracy within 0.2%) combined with a Novocontrol Quatro 
Cryosystem for temperature control. The impedance spectroscopy frequency range 
covered 10-2 to 106 Hz. The impedance frequency sweep took about 2 min to complete. 
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Electro-thermal poling tests included in situ impedance and current measurements. 
Samples were heated to a poling temperature (Tp) where the electrical conductivity (σDC) 
was approximately 10-6 S/cm unless otherwise stated. Corresponding poling temperatures 
for the desired conductivity for each glass composition are listed in Table 6-1. Two 
poling voltages (Vp) of either 25 V or 100 V were used. A typical example of 
experimental conditions is outlined in Figure 6-1 for LS with Tp=120°C and Vp=100 V. 
Selected samples of each composition were short-circuited after poling, i.e. a voltage of 0 
V was applied, while maintaining the temperature at Tp for 18 to 20 h to observe possible 
depoling. A high-voltage amplifier providing a maximum voltage of 500 V connected to 
a Novocontrol Alpha-AK was used for impedance measurements during electro-thermal 
poling testing using a probing voltage of 1 Vrms. The AC frequency range during 
characterization of electro-thermal poling was from 10-2 to 104 Hz. A Keithley 6517A 
electrometer was used to measure in situ poling currents when impedance spectroscopy 
was not used. 
Thermally stimulated depoling (TSDC) and poling (TSPC) currents were measured 
similar to electro-thermal poling. Samples during both TSDC and TSPC were heated 
from 25°C to 300°C at a constant rate of 10°C/min and then held at 300°C for two hours. 
Prior to TSDC measurements, samples were poled with Vp=25 V at Tp for two hours and 
cooled to ambient under the electric field. The applied voltage was then removed and the 
sample was heated at a constant rate while measuring current. Unpolarized glass samples 
were used for TSPC measurements where a voltage of 25, 50 or 100 V was applied at 
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ambient. Next, in situ current was measured as the sample was heated at a constant rate of 
10°C/min as well. 
Following poling, ToF-SIMS analysis was conducted on glass samples with a ToF-
SIMS IV-200P instrument from IONTOF GmbH. Measurements were made in a similar 
manner as reported by Zakel et al on the anode side of the samples.[32,36] Upon 
completion of depth profiling, the crater depth was measured using a profilometer. Crater 
depth and sputtering rate were analyzed to obtain depth profiles from anode/glass 
interface into the bulk region of the glass. 
6.2 Electro-thermal poling results 
Impedance spectroscopy was used to obtain the DC electrical conductivity (σDC) as a 
function of temperature and corresponding activation energy (Ea) for all compositions 
prior to electro-thermal poling as listed in Table 6-1. The NS and LS binary compositions 
yielded σDC= 1.7x10-8 and 2.8x10-9 S/cm at room temperature, and Ea values of 0.70 and 
0.76 ±0.01 eV, respectively. The 2L8NS and 5L5NS mixed alkali compositions had σDC= 
8.9x10-12 and 1.4x10-13 S/cm at room temperature, and Ea values of 0.99 and 1.14 ±0.01 
eV, respectively. The Arrhenius behavior of electrical conductivity is plotted in Figure 
6-2 where the slope was used to calculate activation energy for each composition. The 
calculated activation energies match well with those measured in Section 4.2.1 and listed 
in Table 4-1, however, 5L5NS is slightly larger. The poling temperature (Tp), where DC 
electrical conductivity σDC=1x10-6 S/cm, was determined from impedance spectroscopy. 
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Tp for NS, 2L8NS, 5L5NS and LS were 100, 190, 230, and 120°C, respectively (see 
Table 6-1). 
AC impedance was then measured during and following electro-thermal poling to 
observe changes in electrical behavior of the glass samples at Tp. Representative 
conductance versus frequency measurements are shown for various poling times, as 
examples in Figure 6-3a for NS at Tp=100°C with Vp=25 V. The conductance of NS at Tp 
but before poling is displayed as the black squares in Figure 6-3a. A spectrum was 
collected immediately following the application of the poling voltage which is shown as 
the red circles. Upon application of the poling voltage, the frequency-independent 
conductance slightly increases initially. After the initial increase, the high frequency 
conductance remains relatively steady for the duration of poling, as supported by Figure 
6-3a.  The first two spectrums experienced large variation due to the sample changing on 
a faster time scale than the frequency sweep measurement. Following 300 seconds of 
poling the conductance of the sample decreased and formed a low frequency plateau. 
After 2 h of poling, the low frequency conductance was reduced by about two orders of 
magnitude compared to the unpoled value. Upon removal of the external electric field, 
the low frequency conductance reduced further as seen in Figure 6-3a. Depoling of NS 
sample after removing the poling voltage of 25 V occurred slowly where the low 
frequency conductance increased slightly. However, samples poled using Vp=100 V 
revealed that the conductance remained steady throughout the depoling process and did 
not increase (not shown). The related Nyquist impedance spectra observed during poling 
are shown in Figure 6-3b from measurements on NS at Tp=100°C with Vp=25 V. An 
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impedance spectrum prior to poling reveals the end of a semicircle along with a second 
component at lower frequencies, as shown in the inset of Figure 6-3b.After the sample 
was poled for 2 h, a second component formed a large semicircle in Figure 6-3b, 
indicating that the impedance increased steadily while a poling voltage was applied. The 
end of the original semicircle (as seen more clearly in the inset) did not change during the 
poling process. The Nyquist plots for NS, 2L8NS, 5L5NS and LS with 100 V applied are 
shown in Figure 6-4 with a poling time of 2 h at 120 s intervals between spectra. These 
Nyquist plots show the same trend as observed for NS in Figure 6-3b. 
To observe depoling, the applied voltage was removed from selected samples, which 
remained at Tp for 18 to 20 h. Following the poling process with Vp=25 V, Figure 6-5 
reveals the evolution of depoling for NS at Tp. An impedance spectrum was measured 
upon the removal of the applied voltage. Within the first 2 mins of the voltage being 
removed the resistance corresponding to the larger semicircle increased dramatically as 
seen in Figure 6-5. Subsequently, the semicircle started to decrease over the course of 20 
h of depoling but did not reach initial values. At the start of depoling, the low frequency 
plateau of the conductance spectra was observed to decrease, as seen in Figure 6-3a, for 
all glasses. However, quickly the low frequency conductance started to increase gradually 
in a complex manner. 
The effect of poling on the capacitance of the sample is shown in Figure 6-6 with 
respect to frequency for the same NS sample as in Figure 6-3 (i.e. for Tp=100°C and 
Vp=25 V). Prior to poling the capacitance decreased with increasing frequency due to 
electrode polarization and formed a high frequency plateau.[77] Within the first 5 
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minutes of applying the poling voltage, as seen in Figure 6-6, a low frequency plateau is 
formed as well. This feature remains constant for the duration of poling after the first 5 
min. The capacitance during depoling after Vp=25 V, is also shown in Figure 6-6, where 
the low frequency plateau is still clearly visible but slightly shifts towards the initial 
capacitance of unpolarized NS glass after 20 h. For samples poled with Vp=100 V, the 
capacitance change toward initial values was significantly slower compared to Vp=25 V. 
A summary of capacitance as a function of frequency is shown in Figure 6-7 for each 
glass composition. Capacitance spectra in Figure 6-7 were collect just prior to (unpoled) 
and at the end of the poling process (poled). These capacitances show the same behavior 
as that for NS sample seen in Figure 6-6. 
The time dependence of the DC current was measured separately from impedance 
spectroscopy with an applied DC voltage of either 25 or 100 V. The current density 
decay, (J(t)), measured during poling for each composition is displayed in Figure 6-8 at 
Tp with Vp=100 V. Ideally current density for each glass composition should have similar 
values at the start of poling at poling temperature. However, designated temperature hold 
where the bulk electrical conductivity of 10-6 S/cm was only approximate (described later 
in Table 6-3). The current density decay appears to be comprised of at least two distinct 
relaxation time constants which can be seen in Figure 6-8. The faster process with a 
smaller time constant is shown in Figure 6-8 within 50 seconds, while the slower process 
is captured in Figure 6-8 over the duration of poling. The current density decay cannot be 
modeled well with one exponential function (i.e. J(t) = J0 exp (-t/)), a sum of two 
exponential functions (i.e. J(t) = J01 exp (-t/1) + J02 exp (-t/2)), or a single stretched 
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exponential function J(t) = J0 exp (-t/)β where t is time [s],  is relaxation time constant 
[s] while J01, J
0
2 and β are fitting parameters.  
The exponential fits are compared for LS at Tp with Vp=100 V in Figure 6-8c. The 
inset of Figure 6-8c reveals the residuals of the fit to the experimental data. The residuals 
of both the sum exponential decay fit and the stretched exponential decay fit are large on 
short time scales. The current density residuals may be in excess due to a self-
decelerating process where alkali mobility could be continuously reduced. Although the 
exponential decay functions did not model the data well, it is clear from visual inspection 
of Figure 6-8b that at least two exponential processes exist. The relaxation time constants 
were calculated in a similar empirical approach as Zakel et al.[32] The fast time constant 
was defined as the time it takes the current density (Jfast) to decay from its initial value by 
Euler’s number (Jfast /e). From this fast time constant, a charge flow was obtained 
pertaining to the fast process within the glass during poling. A second time constant for 
the remaining charge flow decay by 1/e can then be calculated associated with the slower 
process. These time constants are recorded in Table 6-2 along with their respective 
experimental conditions. Relaxation time constants presented here are of similar 
magnitudes as those calculated by Zakel et al (τfast = 40 s and τslow =1000 s) for the 
bioactive 46S4 glass.[32] However, the 46S4 bioactive glass contains Na+ and Ca2+ ions, 
while the present glass compositions contain only monovalent cations, Na+ and Li+. 
Thermally stimulated depoling current (TSDC) was measured on samples of 2L8NS, 
5L5NS and LS glasses, as described above. An example of the depoling current as a 
function of time is displayed in Figure 6-9 for 5L5NS which was previously poled at 
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230°C. Each composition displayed a single depoling current density peak. The charge 
flow was calculated as the integral of current density. Only 2L8NS and 5L5NS met the 
criteria[54] for a first-order peak allowing for an activation energy estimate of about 1.08 
and 1.14 eV, respectively (Table 6-1). The binary silicate, LS, did not meet the criteria 
due to an elongated current density peak tail at higher temperatures compared to the 
mixed alkali glasses.  
Thermally stimulated poling currents (TSPC) were measured as well for all 
compositions. A comparison of TSPC for each glass composition is shown in Figure 6-10 
as a function of temperature whereas the samples in Figure 6-8 were held at a constant 
temperature. Note that the current density appears to decrease around the maximum 
temperature of 300°C. This is likely due to the heating rate decreasing upon nearing the 
maximum set point of the instrument. Charge flow was calculated from the integral of 
thermally stimulated current density and shown in Figure 6-10 as well. The major peak 
temperatures for NS, 2L8NS, 2L8NS (Repeat), 5L5NS and LS with Vp=100V were 60, 
140, 155, 185 and 80°C, respectively. The activation energy for the major peak of each 
glass during TSPC was estimated using the initial current rise method outlined by Garlick 
& Gibson[88] and is listed in Table 6-1. A repeat run of unpolarized 2L8NS revealed that 
the shape of TSPC curve was reproducible. The charge flow through each glass 
composition with Vp=100 V during TSPC in Figure 6-10 is comparable to those observed 
in Figure 6-8b held at Tp for 2 h with Vp=100 V. 
Following poling, the alkali ion depletion layer composition was characterized using 
ToF-SIMS. A depletion layer was always observed on the anode side of the glass after 
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poling for all compositions. As an example, the depletion layer depth profile for 2L8NS 
that was poled at Tp with Vp=100 V for 2 h is shown in Figure 6-11. The surface of the 
glass sample was identified by the maximum intensity of the Pt+ signal as annotated in 
Figure 6-11.[32] The average depletion layer thickness for NS, 2L8NS, 5L5NS and LS 
with Vp=100 V was about 200 ± 20, 100 ± 8, 50 ± 20 and 120 ± 24 nm, respectively. 
6.3 Discussion of electro-thermal poling observations 
The discussion is organized to identify the mechanism of electro-thermal poling of 
alkali disilicate glasses starting from bulk glass properties. Next, the kinetics of the 
formation of an alkali ion depletion layer is discussed followed by its associated electrical 
characteristics. The relaxation of stored charge is then discussed as a depoling process. 
Finally, the implications of electro-thermal poling on EFIS are referred to as thermally 
stimulated current. 
6.3.1 Bulk dielectric constant and electrical conductivity 
The bulk impedance and capacitance were measured prior to poling. The resistance of 
the bulk was calculated by fitting the impedance spectrum with an equivalent RC circuit 
with bulk resistance (RB), capacitance (CB) and electrode polarization capacitance (CE) as 
seen in Figure 6-12. During poling, additional components were added in Figure 6-12 for 
an alkali ion depletion layer resistance (RDL) and capacitance (CDL). The high frequency 
relative dielectric constant was calculated from the fitted RC component capacitance and 
sample dimensions.[81,89] 
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The high frequency relative dielectric constant (𝜀ℎ𝑓
′ ) for each composition at room 
temperature and poling temperature is listed in Table 6-3. It has been reported at room 
temperature that mixed alkali disilicate glasses have lower relative dielectric constants at 
high frequencies1 than single alkali disilicate glasses.[84] The dielectric constants at room 
temperature in Table 6-3 are higher than those reported by Tomozawa for the same glass 
compositions as NS, 5L5NS and LS, which were 8.9, 7.6 and 8.5, respectively.[84] This 
may be a result of a slight difference in composition, most likely due to water content. 
However, the same trend of dielectric constants between glass compositions is observed 
in Table 6-3 as reported by Tomozawa.[84] At poling temperature, the relative dielectric 
constant increases significantly, nearly tripling for 5L5NS and doubling for other 
compositions as compared to their respective room temperature values. This has already 
been observed for multiple binary sodium silicate glass compositions.[82] It is useful to 
note that the relative dielectric constant of silica glass is about 4.5 at room 
temperature.[46]  
The bulk electrical conductivity of the glass samples was calculated from the 
resistance attributed to the bulk by impedance spectroscopy and geometrical factors. The 
calculated bulk conductivities for samples poled during in situ impedance measurements 
are listed in Table 6-3. At the designated poling temperatures for each glass composition, 
                                                 
1 ‘High frequency’ in the present context refers to the frequency where electrode (and dipolar effects, if 
any) are absent. It is in the range of radio frequencies (10-100 kHz), rather than microwave or higher 
frequencies. 
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the bulk conductivity was approximately 10-6 S/cm. However, the actual isothermal hold 
for 5L5NS was at a slightly lower temperature than the set point. 
6.3.2 Depletion layer formation 
Impedance spectroscopy revealed major changes in the electrical behavior of all glass 
compositions during electro-thermal poling. The growth of a large semicircle during 
poling is shown in Figure 6-3b in the direction of the annotated arrow. The emergence 
and growth of this large semicircle was also observed to occur during poling of 46S4 
bioactive glass by Zakel et. al.[32]. It represented the formation of an alkali ion depletion 
layer at the anode, which heavily influenced the electrical behavior of the bioactive 
glass.[33,37] The impedance of the depletion layer continued to increase throughout 
poling for the 46S4 as well as present glasses. Within the first 5 minutes of poling, a low 
frequency capacitance plateau was observed to form in Figure 6-6 similar to 46S4 
bioactive glass studied by Zakel et al.[32] This plateau was identified as the capacitance 
of the depletion layer suggesting that the thickness of the depletion layer is established 
quickly by the initial migration of alkali ions.[33,36] Since the low frequency capacitance 
plateau is formed within the first 5 mins and is steadily maintained throughout the 
duration of poling, subsequent alkali removal must then originate from within the 
depletion layer. The removal of alkali ions from within the depletion layer is supported 
by Figure 6-13 displaying an increase of depletion layer resistivity, extracted from the 
modeling, with respect to poling time for each glass composition with Vp=100 V. The 
resistivity of the depletion layer was calculated by the resistance measured from 
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impedance spectroscopy along with the geometrical factors measured from ToF-SIMS 
depth profiling. 
The continued removal of alkali ions is shown in Figure 6-8 as a current density 
decay process. Two relaxation time constants were observed in the current density decay. 
Since a sum of two exponentials or stretched exponential decay function did not model 
current density decay well as seen in Figure 6-8c, the relaxation time constants were 
calculated as described by Zakel et al.[32] The time constants for each sample are listed 
in Table 6-2 for the fast and slow processes. Time constants were also determined at a 
lower Tp for 2L8NS and LS where conductivity was ~10
-7 S/cm and listed in Table 6-2 as 
well. Large experimental uncertainty in Table 6-2 is believed to be a result of the alkali 
ion depletion layer continuously forming as a self-decelerating process. 
Poling voltage was observed to influence the relaxation time constant. Generally, the 
higher poling voltage Vp= 100 V reduced the measured relaxation time constants by 
nearly 1/3 to 1/2 compared to a poling voltage Vp= 25 V. The differences between glass 
types have been normalized to some extent by selecting the poling temperature where the 
electrical conductivity was 10-6 S/cm. Within experimental error the time constants for 
the two relaxation processes are roughly the same among the various glass compositions 
(see Table 6-2). This similarity of time constants suggests that the two relaxation 
processes are primarily determined by the magnitude of electrical conductivity rather 
than glass composition or structure. At any given temperature, the electrical conductivity 
of various glasses would vary greatly with composition. So, if poling is performed at the 
same temperature for all glasses, we expect that for the mixed alkali glasses (2L8NS and 
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5L5NS) the time constants for both processes would be much larger than for the single 
alkali glasses (NS and LS) with higher conductivity. When LS and 2L8NS were tested at 
a lower electrical conductivity of 10-7 S/cm, the relaxation times increased, which clearly 
demonstrates the effect of electrical conductivity on the relaxation time constants. The 
binary LS glass at the lower electrical conductivity showed an increase in τfast by a factor 
of about 7, while τslow remained unchanged within experimental error. By comparison, 
τfast and τslow increased by nearly a factor of 120 and 2, respectively, at the reduced 
electrical conductivity for the 2L8NS sample. This difference in the behaviors of the two 
relaxation processes (i.e. time constants) for LS and 2L8NS glasses suggests that the slow 
and fast relaxation processes are of different origins. Further experiments on additional 
compositions are needed at varying poling voltages to identify the dependencies of the 
two relaxation processes. 
The tabulated time constants are of the same order of magnitude as reported by Zakel 
et al.[32] for their bioactive glass of a more complex composition. The two time scales 
for the 46S4 bioactive glass were attributed to sodium and calcium ion migration as τfast 
and τslow, respectively.[32] However, the binary alkali silicate glasses containing only one 
kind of mobile alkali ions have similar relaxation time constants so the present results 
require an alternative explanation. The fast relaxation time constant is still likely to be a 
result of fast alkali ion migration from the depletion layer. However, the slower process 
cannot be explained by doubly charged cations for the present glass compositions.  
From the performed impedance spectroscopy, it is evident that the poling 
phenomenon that determines the alkali ion depletion layer thickness is dependent on 
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poling voltage and sample temperature. The electrical conductivity controls the kinetics 
of the poling process. Therefore, with the same applied poling voltage and sample 
conductivity each glass type should have similar depletion layer thicknesses that are 
ultimately determined by the dielectric breakdown field strength of the remaining glassy 
silicate network. 
Depth profiling of the poled glass samples of all compositions via ToF-SIMS 
characterized ionic concentrations as a function of depth into the sample from the 
anode/glass interface. An analysis of the ToF-SIMS depth profiles yields the alkali ion 
depletion layer thickness for the binary and mixed alkali glass compositions; Figure 6-11 
shows a representative profile for 2L8NS. The average alkali ion depletion layer 
thickness for each glass composition is summarized in Figure 6-14 as a function of mixed 
alkali ratio. The observed alkali ion concentration in the depletion layer can be compared 
to that in the bulk of the sample for Na2+, 6Li+ and Pt+. The alkali signals for 2L8NS 
decreased in the depletion layer compared to the bulk while H+, SiO+ and O+ increased. 
The H+ signal continued to decrease further into the bulk whereas Na2+, 6Li+, SiO+ and O+ 
remained constant. This suggests protons were injected from air or water and 
subsequently diffused into the glass during electro-thermal poling.[43] An increase in the 
SiO+ and O+ signals is due to the SIMS matrix effect.[90,91] Due to the heavy influence 
of the matrix effect within the depletion layer a charge compensation mechanism for 
alkali ion displacement can only be speculated.  
Upon removal of all samples from the furnace it must be noted that the anode became 
bonded to the glass. This behavior was also observed with a barium boroaluminosilicate 
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glass following electro-thermal poling.[43] It was reported that the barium depletion layer 
bonded with the PtSi electrode film (on Si) to form a SiO2 interface instead of a Pt-oxide 
layer.[43] The formation of SiO2 from a PtSi film suggests anion migration could be 
associated with electrolysis and possible gaseous O2 evolution originating from the 
depletion layer. Electrolysis involving anion migration is likely to occur on a longer time 
scale than that for the migration of alkali ions as seen in long duration XPS exposure.[92] 
As the alkali ions migrate away from the anode, non-bridging oxygens (NBOs) will be 
left behind. For charge compensation, these NBOs likely bond with the electrode material 
or each other, creating bridging oxygens (BOs) that possibly liberate gaseous O2 at the 
anode.[3] Alternatively, the extra electron of NBO may hop toward the anode without 
requiring the diffusion of NBO itself. It should be noted that the number of counts for H+ 
is similar to Na2+ which is below the saturation limit of the ToF-SIMS whereas Li+ and 
Na+ were above the limit in the bulk. The injection of H+ occurs but does not fully 
account for charge compensation within the alkali ion depletion layer. This was also 
observed following poling of barium boroaluminosilicate glass.[43] Therefore, we 
propose that for the binary and mixed alkali silicate glass compositions, τfast corresponds 
to alkali cation migration away from the anode while τslow is attributed to electrolysis 
quite likely accompanying gaseous O2 evolution from the alkali ion depletion layer. 
6.3.3 Electrical and dielectric behavior of alkali ion depletion layer 
The ratio of the low and high frequency capacitance plateaus along with ToF-SIMS 
depth profiles can be used to estimate the relative permittivity of the alkali ion depletion 
layer using the following relation[36]: 
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𝐶𝐷𝐿
𝐶𝐵
=  
𝜀𝐷𝐿
′
𝜀𝐵
′  ∗  
𝑑𝐵
𝑑𝐷𝐿
    (Equation 6-1) 
where CDL is the capacitance of the depletion layer, CB is the capacitance of the bulk, 
𝜀𝐷𝐿
′ is the relative permittivity of the depletion layer, and 𝜀𝐵
′  is the high frequency 
dielectric constant of the bulk. The thickness of the depletion layer and bulk are dDL and 
dB, respectively. The high frequency dielectric constant of the bulk was calculated using 
the fitted capacitance value determined from impedance spectroscopy during poling. The 
depletion layer relative permittivity was calculated for each glass composition during 
poling at poling temperature and is listed in Table 6-3, labeled as 𝜀𝐷𝐿
′  (Tp).  For example, 
the relative permittivity in the depletion layer for NS was calculated using the ratio of 
capacitance plateau values taken from Figure 6-6. The capacitance of the bulk NS sample 
was 38.9 pF whereas for the depletion layer it was 45.7 nF. A depletion layer thickness of 
about 200 nm was measured by ToF-SIMS similar to Figure 6-11 while the bulk 
thickness was around 0.8 mm. Taking the high frequency dielectric constant measured at 
poling temperature along with the capacitance and thickness ratios for Equation 6-1, a 
relative permittivity of about 8.4 was calculated to for the depletion layer in NS. The 
depletion layer relative permittivity for the binary disilicate LS glass was about 6.1. The 
calculated relative permittivities of the depletion layer for the mixed alkali glasses were 
lower: for 2L8NS and 5L5NS they were 5.3 and 2.4, respectively. The same trend of 
mixed alkali glass displaying lower dielectric constants compared to their binary alkali 
silicate counterparts was still observed following poling at Tp.  
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A comparison of the depletion layer permittivity and thickness is shown in Figure 
6-14 as a function of glass composition. It is seen in Figure 6-14 that the permittivity of 
the depletion layer correlates with the measured depletion layer thickness from ToF-
SIMS. The high frequency dielectric constant of silica glass, as mentioned previously, 
has a value of about 4.5 at room temperature.[46] This value for silica glass is quite 
similar to the calculated relative permittivity of the depletion layer during poling at 
poling temperature as listed in Table 6-3. The reduction of the relative permittivity during 
poling reveals that the depletion layer behaves similar to that of silica glass with low 
alkali ion concentrations.[46] This suggests there is an increase in glass network 
connectivity in the depletion layer during electro-thermal poling due to the removal of 
non-bridging oxygens or their conversion to bridging oxygens following alkali ion 
migration.[3] Evidently, the migration of both cations (sodium & lithium) and 
elimination of anions (NBOs) from the depletion layer reduces the relative permittivity of 
the depletion layer. 
 The electrical conductivity of the alkali ion depletion layer was calculated using 
Equation 6-2 (see below) similar to Zakel et al.[32] This separates out the electrical 
conductivity of the depletion layer from the total conductivity of the sample. The fitted 
impedance parameters of resistance and capacitance associated with this layer along with 
its relative permittivity after time τslow are related as follows: 
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𝜎𝐷𝐿 =
𝜀0𝜀𝐷𝐿
′
𝑅𝐷𝐿𝐶𝐷𝐿
    (Equation 6-2) 
where σDL is the depletion layer conductivity [S/m], 𝜀0is vacuum permittivity, 𝜀𝐷𝐿
′ is the 
permittivity of the depletion layer, RDL is the resistance [Ω] and CDL is the capacitance 
[F] of the depletion layer. The electrical conductivity values are listed in Table 6-3 for 
each composition at the poling temperature as σDL (Tp). The depletion layer electrical 
conductivity was about 5 to 6 orders of magnitude less than that of the bulk at the poling 
temperature. For comparison, a binary sodium silicate glass with 7.8 mol% Na2O at 
100°C had an electrical conductivity of 1.29x10-10 S/cm.[82] This electrical conductivity 
for a low alkali silicate glass is still two orders of magnitude larger than that of the 
depletion layer of NS suggesting the alkali content is even lower. Since measurements for 
each glass composition were done at Tp, the change in electrical conductivity was not 
dependent on mixed alkali ratio. This is seen in Table 6-3 as well. 
The electrical behavior of the depletion layer was also investigated at Tp following 
poling by removing the poling voltage. Immediately following the removal of the poling 
voltage an impedance spectrum was measured as shown in Figure 6-5 for NS after poling 
with Vp=25 V. This observation revealed that the resistance (at low frequencies) of the 
depletion layer component at least had doubled, if not more. The frequency range used 
was not adequate to accurately fit an equivalent RC circuit to provide a depletion layer 
resistance estimate. Upon removal of poling voltage charge carriers, both electronic and 
ionic would essentially ‘freeze’ due a lack of driving force from a large internal electric 
field, leading to a sharp increase in its impedance.[32] During depoling, without the 
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presence of a strong electric field, the electrical conductivity of the depletion layer was 
essentially dependent on ionic conductivity. A slow depoling process was observed to 
occur over the course of 18 to 20 h for all compositions. The strongest depoling process 
was observed for NS as seen in Figure 6-5 after poling with Vp=25 V. Depoling arises 
from the diffusion of alkali ions back into the depletion layer. The real capacitance with 
respect to frequency in Figure 6-6 shows that the low frequency plateau also reverts back 
towards the unpoled condition, but only slightly. The depoling process observed for 46S4 
bioactive glass was much more prevalent. At poling temperature, the bioactive glass 
depoled almost entirely within 10 h.[32] This indicates that the depoling process for the 
present glass compositions was hindered or suppressed likely due to a stronger 
electrolysis of the depletion layer. 
6.3.4 Depletion layer behavior during thermally stimulated depoling 
Thermally stimulated depoling current (TSDC) provides insight on the amount of 
reversible charge retained in the sample after electro-thermal poling has occurred.[54,93] 
TSDC for 5L5NS is displayed in Figure 6-9 where the sample was previously poled with 
Vp=25 V. An investigation of TSDC for 46S4 bioglass was reported by Mariappan and 
Roling.[33] Their data show three current density peaks with increasing sample 
temperature. The largest peak corresponded to Na+ transport while the remaining peaks 
were attributed to the annihilation of anode and cathode layers formed during poling 
between the glass and electrodes.[37] TSDC measurements on 2L8NS, 5L5NS and LS 
revealed a single major peak for each glass. Activation energies associated with these 
peaks could only be calculated for the mixed alkali glasses, viz. 2L8NS and 5L5NS. The 
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calculated TSDC activation energies for 2L8NS (1.08 eV) and 5L5NS (1.14 eV) are in 
good agreement with their corresponding DC electrical conductivity activation energies 
in Table 6-1. Following the major TSDC peak, the samples were left at 300°C for two 
hours where the current density decreased. A charge flow was still observed to occur 
beyond the major TSDC peak indicating further depoling for each glass composition. 
However, the charge flow during TSDC was observed to be much less compared to that 
during the poling process. For example, 5L5NS was poled at Tp with Vp= 25V for two 
hours where a charge flow of about 66 C/m2 was measured. The sample was then cooled 
to ambient temperature where the voltage was removed. The same sample was then 
heated for TSDC measurements as shown in Figure 6-9. A charge flow of approximately 
13 C/m2 was observed after depoling at 300°C for two hours. This reduction in charge 
flow was observed for each glass composition. Electrolysis may explain the dramatic 
reduction of charge flow during depoling. 
6.4 Implications for EFIS 
Thermally stimulated poling currents (TSPC) were measured to observe the effects of 
an external electric field on the time and temperature dependence of current density. 
These measurements were conducted to compare electro-thermal poling and electric 
field-induced softening (EFIS) phenomena. Measurements for TSPC however, had a 
maximum temperature of 300°C. The current density and corresponding charge flow 
related to TSPC are displayed in Figure 6-10 for all compositions. The charge flow of 
TSPC was observed to be greater in Figure 6-10 compared to conventional electro-
thermal poling at Tp for 2 h as seen in Figure 6-8 with the same applied voltage. This 
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observation is expected since temperatures greater than Tp were employed in the former, 
resulting in larger electrical conductivities allowing additional charge flow. The 
estimated activation energies for the major peak of NS, 2L8NS, 5L5NS and LS during 
TSPC are listed in Table 6-1 as 0.66 ± 0.02, 0.91 ± 0.02, 1.01 ± 0.02 and 0.73 ± 0.02 eV, 
respectively. These values are similar to that of DC electrical conductivity. It is well-
known that in alkali silicate glasses the ionic conductivity accounts for almost the entirety 
of electrical conductivity.[3] Therefore, since these activation energies are similar, alkali 
ion migration is responsible for the major TSPC peak for each glass composition, as 
expected.[37] 
The investigation of TSPC yields the following proposed mechanism of EFIS. Since 
there is larger charge flow in TSPC, we assume the alkali ion depletion layer thickness 
and/or resistance is greater than that formed under standard poling. As seen from standard 
poling, the resistance of the depletion layer increased by six orders of magnitude. The 
increased resistance of the depletion layer is much larger than the resistance of the bulk 
leading to almost the entirety of the poling voltage to be dropped across the depletion 
layer. From the present standard poling study, a typical depletion layer thickness was 
observed to be about 200 nm for NS glass at 100 V poling voltage. The internal electric 
field induced near the anode is estimated to be close to 5x108 V/m, which is similar to the 
breakdown field for silicate glasses at ~109 V/m.[65,66] This estimate is in excellent 
agreement with Zakel et al.[36] for 46S4 bioactive glass where an average internal 
electric field was calculated from the inverted slope of linear regression for depletion 
layer thickness versus poling voltage.  
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It is well known that an increase in sample temperature reduces the dielectric 
breakdown strength of silica.[63] From electro-thermal poling measurements, a depletion 
layer is formed well below Tg for each glass composition which induces a large internal 
electric field across the layer. When the sample is exposed to higher temperatures the 
breakdown field will decrease to the point that it is exceeded by the local internal electric 
field. At the same time, the local internal electric field is increasing due to the depletion 
layer resistivity increasing relative to the bulk as seen in Figure 6-13.  It is known that 
current flow prior to dielectric breakdown is almost entirely due to ionic conductivity for 
alkali silicate glasses.[66] Further increase in current beyond ionic conductivity is 
suspected to be due to injection of holes from the anode into the glass leading to 
dielectric breakdown.[94,95]   
Hole injection from the anode is supported by images taken during EFIS. For 
example, images in Figure 6-15a and Figure 6-15b were taken 6 seconds apart and show 
the progression of photoemission from NS sample with an external voltage of 150 V 
being applied at heating rate of 10°C/min. Photoemissions are observed to originate near 
the anode side of the glass. Another sample of a sodium aluminosilicate glass (70 SiO2 - 
25 Na2O - 5 Al2O3 in mol%, NAS) shows the progression of photoemission during EFIS 
even more clearly – compare Figure 6-15c and Figure 6-15d. An interesting feature is 
seen in these images where photoemission (indicated by yellow arrows) is seen near the 
anode (top of sample). It appears that the photoemission in Figure 6-15c is contained near 
the anode and only extends about halfway across the sample. The photoemission 
observed in Figure 6-15d was the most intense near the anode, but gradually appears to 
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extend the entire length of the sample from anode to cathode. The corresponding current 
measurements of Figure 6-15c and Figure 6-15d were about 0.3 mA (1.2 mA/cm2) and 10 
mA (40.5 mA/cm2), respectively. It is important to note that both images were captured 
within 20 seconds of each other and therefore the dramatic increase in measured current 
is not simply due to radiative furnace heating increasing the bulk glass ionic conductivity. 
Hole injection from the anode and across the highly resistive depletion layer produces 
Joule heating as holes collide and interact with the glassy network. As the sample 
temperature increases the electrical conductivity increases further. The power density 
created within the depletion layer due to Joule heating is simply σE2 where σ is electrical 
conductivity and E is the internal electric field.[68] This process leads to thermal 
dielectric breakdown of the depletion layer. It is proposed that the conducting motion of 
injected holes into the depletion layer produces bremsstrahlung radiation observed in 
EFIS experiments due to collision events. The hole collision events also occur with alkali 
ions which produce characteristic photoemission peaks. The depletion layer is proposed 
to be the initial source of photoemissions. During dielectric breakdown, the high current 
paths through the glass from anode to cathode become a second source for 
photoemissions. Following dielectric breakdown of the depletion layer, the bulk glass is 
heated continuously via Joule heating and thermal conduction. Subsequently, the whole 
glass block softens (especially near the anode) at lower furnace temperatures as compared 
to conventional radiative heating, producing EFIS. 
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6.5 Chapter summary 
The electrical behavior of depletion layer formation during electro-thermal poling has 
been characterized using in situ impedance spectroscopy and current measurements. 
Impedance spectra during poling revealed an increase in sample impedance due to the 
formation of an alkali ion depletion layer near the anode within a few minutes. The 
electrical conductivity of the depletion layer was calculated to be nearly six orders of 
magnitude less than the bulk glass for all compositions. ToF-SIMS measured the 
thickness of the alkali ion depletion layer as ~100 nm. An analysis of frequency 
dependent capacitance indicated that the relative permittivity of the depletion layer was 
comparable to that of low alkali silica glass.  
An alkali ion depletion layer forms as a result of two processes with two relaxation 
time constants: a fast process comprising of alkali ion migration toward the cathode, and 
a relatively slower process possibly corresponding to electrolysis and/or gaseous O2 
evolution from the depletion layer. Depletion layer thickness appears to be dependent on 
poling voltage and sample temperature while electrical conductivity controls the 
formation kinetics. Charge flow during depoling of samples was much less compared to 
that during poling, presumably due to electrolysis in the latter.  
There is a greater charge flow in EFIS than in standard poling. An alkali ion depletion 
layer of similar dielectric behavior must be formed in the glass near the anode prior to 
EFIS. Exposing the alkali ion depletion layer to higher sample temperatures allows for 
further ionic conductivity compared to standard electro-thermal poling, as expected. In 
response, the resistance of the depletion layer increases by about six orders of magnitude. 
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Eventually at high enough temperature in the alkali ion depletion layer, due to combined 
radiative furnace heating and electrical Joule heating, conditions conducive for dielectric 
breakdown are reached. Electro-thermal poling supports hole injection as the source of 
current spikes and photoemissions observed prior to and during EFIS. Dielectric 
breakdown fully occurs when the sample becomes electronically conductive and sustains 
high current leading to the observed EFIS of alkali silicate glasses.  
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Table 6-1: Glass compositions with their respective glass transition temperature (Tg), 
poling temperature (Tp), DC electrical conductivity activation energy (Ea), thermally 
stimulated depoling current activation energy (TSDC Ea) and thermally stimulated poling 
current activation energy (TSPC Ea). 
Glass 
Type 
Composition Tg [°C] Tp [°C] Ea [eV] 
TSDC 
Ea [eV] 
TSPC 
Ea [eV] 
NS 0.33 Na2O • 0.67 SiO2 
473 ± 
0.9 
100 
0.70 ± 
0.01 
- 
0.66 ± 
0.02 
2L8NS 
0.33 [0.2 Li2O • 0.8 
Na2O] • 0.67 SiO2 
431 ± 
0.7 
190 
0.99 ± 
0.01 
1.08 
0.91 ± 
0.02 
5L5NS 
0.33 [0.5 Li2O • 0.5 
Na2O] • 0.67 SiO2 
421 ± 
0.3 
230 
1.14 ± 
0.01 
1.14 
1.01 ± 
0.02 
LS 0.33 Li2O • 0.67 SiO2 
472 ± 
0.5 
120 
0.76 ± 
0.01 
- 
0.73 ± 
0.02 
 
Table 6-2: Relaxation time constants of poling current, τfast and τslow, for each glass 
composition with a poling voltage of Vp=25 or 100 V at Tp for 2 h. The experimental 
error in τfast and τslow is estimated to be ± 20 s and 20%, respectively. 
  
Glass Tp [°C] Vp [V] τfast [s] τslow [s] σDC (Tp) [S/cm] 
NS 100 25 110 3060 10-6 
NS 100 100 25 1510 10-6 
2L8NS 190 25 30 2850 10-6 
2L8NS 190 100 10 3120 10-6 
2L8NS 145 100 1200 6750 10-7 
5L5NS 230 25 30 1690 10-6 
5L5NS 230 100 20 1140 10-6 
LS 120 25 35 2950 10-6 
LS 80 25 250 3270 10-7 
LS 120 100 15 1940 10-6 
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Table 6-3: Bulk and depletion layer electrical conductivity values after poling for time, 
τslow, at Tp. The relative dielectric constant (𝜺𝒉𝒇
′ ) at room temperature (RT), poling 
temperature (Tp) and depletion layer permittivity (𝜺𝑫𝑳
′ ) at Tp. Note: Only bulk value for 
NS Vp= 25 V is shown due to lack of ToF-SIMS data. 
Glass 
Type 
Voltage 
[V] 
σB (Tp) 
[S/cm] 
σDL (Tp) 
[S/cm] 
𝜺𝒉𝒇
′   
(RT) 
𝜺𝒉𝒇
′   
(Tp) 
𝜺𝑫𝑳
′   (Tp) 
NS 25 1.06*10-6 - 14.5 34.9 - 
NS 100 1.10*10-6 2.55*10-12 13.9 29.3 8.4 
2L8NS 100 9.34*10-7 1.27*10-12 11.7 25.0 5.3 
5L5NS 100 6.25*10-7 5.73*10-13 11.6 34.7 2.4 
LS 100 8.54*10-7 1.12*10-12 12.3 25.6 6.1 
 
Figure 6-1: Representative experimental conditions for LS with Tp=120°C (black, solid) 
and Vp=100 V (red, dashed) for a poling time of 2 h. 
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Figure 6-2: Arrhenius behavior of DC electrical conductivity used to calculate activation 
energy for ionic conduction. 
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b) 
a) 
Figure 6-3: Electrical behavior of NS during poling with Vp=25 V at Tp=100°C for 2 h 
a) showing representative conductance vs. frequency behavior and b) representative 
impedance growth of an alkali ion depletion layer (arrow indicating increasing 
direction). The inset indicates the intersection between bulk and depletion layer 
impedance components. 
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Figure 6-5: Impedance spectra for depoling of NS with Vp= 0 V at Tp=100°C 
for 20 h. Impedance was observed to increase upon removal of the poling 
voltage and gradually decrease over the course of depoling at Tp. 
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Figure 6-6: Real capacitance of NS before (black, squares) and during poling with Vp=25 
V at Tp=100°C. High frequency plateau attributed to bulk capacitance and low frequency 
plateau corresponds to depletion layer formation. Note: Large noise in start (red, circles) 
and 120 second (blue, triangles) spectra due to glass changing on a faster time scale than 
impedance frequency sweep. 
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Figure 6-7: Capacitance values of unpoled and poled samples for each composition with 
respect to frequency. Note: All spectra were collected at each glass composition’s 
corresponding Tp. 
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  a) 
b) 
c) 
Figure 6-8: Time dependence of current density (left axis, symbols) and charge flow (right 
axis, lines) for each glass composition with Vp=100 V at Tp for a) initial 50 s, b) complete 
7,200 s duration (on log-log scale) and c) exponential and stretched exponential decay fits 
of current density during poling of LS. 
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Figure 6-9: TSDC of current density (left axis, pink inverted triangles), charge flow (right 
axis, black line) and sample temperature (far right axis, blue dashes) for 5L5NS from 
ambient to 300°C at a heating rate of 10°C/min. 
 
 
Figure 6-10: TSPC of current density (left axis, bold lines), charge flow (right axis, lines) 
for each glass composition from ambient to 300°C at a heating rate of 10°C/min.
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Figure 6-11: ToF-SIMS measurement of depletion layer thickness for 2L8NS of about 
100 nm following poling with Vp=100 V at Tp=190°C for 2 h. Annotations for platinum 
electrode layer (Anode), alkali ion depletion layer (DL), and bulk glass (Bulk) are labeled 
approximately with sputter depth. 
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Figure 6-13: Depletion layer resistivity as a function of poling time for NS (black, 
squares), 2L8NS (blue, triangles), 5L5NS (pink, inverted triangles) and LS (red, circles) 
with Vp=100 V at Tp for 2 h. 
 
Figure 6-12: Schematic of fitted equivalent DC circuit for electrode 
polarization (E), alkali ion depletion layer (DL) and bulk glass (B). 
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Figure 6-15: Pairs of images captured during electric field-induced softening at a heating 
rate of 10°C/min. The first two images show NS with an external voltage of 150 V at a 
furnace temperature of a) 428°C and b) 429°C taken 6 seconds apart. The second pair of 
images taken 20 seconds apart show NAS with an external voltage of 200 V 
corresponding to current measurements c) 0.3 mA (1.2 mA/cm2) and d) 10 mA (40.5 
mA/cm2) prior to glass softening. Note: the anode is located at top of the sample and 
photoemissions are indicated by yellow arrows. 
  
Figure 6-14: Comparison of ToF-SIMS alkali ion depletion layer thickness (black, 
squares) measurements between glass compositions after poling with Vp=100 V for 2 h 
at Tp. The corresponding depletion layer permittivity (red, circles) calculated from 
Equation 6-1 are also compared. 
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Chapter 7: Characteristics of depletion layer formation prior to EFIS 
This chapter reports on the investigation of the various thermally stimulated 
polarization mechanisms that occur upon heating during EFIS. We also examine 
compositional changes associated with depletion layer formation using various analytic 
techniques. We report modifications of glass composition by EDS linescans and maps of 
the anode region. The chemical bonding environment was determined by XPS. The 
formation of an alkali ion depletion layer was investigated in situ by thermal imaging 
followed by depth profiling using SIMS. 
7.1 Thermally stimulated currents under DC voltages 
7.1.1 DC TSPC results 
Polarization mechanisms were investigated using thermally stimulated poling current 
(TSPC) density measurements. In this case, TSPC is in situ with EFIS experiments. NS, 
2L8NS, 5L5NS and LS glass compositions are listed in Table 7-1. The thermally 
stimulated current density of NS with 150 V applied is shown in Figure 7-1 at a heating 
rate of 10°C/min. Four characteristic regions are identified here as I-IV. Three of these 
regions contain current density peaks as indicated by red arrows and the corresponding 
peak temperatures are listed in Table 7-2. The fourth region occurs abruptly where high 
current passes through the sample and is maintained until the voltage is removed. This 
high current region becomes a plateau, indicating the current is limited by the power 
resistor in series with the sample. The current measurements are then integrated to 
calculate the amount of charge density passing through the sample. The right y-axis (red) 
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of Figure 7-1 shows the accumulated charge density as a function of time with an axis 
break. Origin of the regions will be discussed in section 7.1.2. 
The voltage dependence of thermally stimulated current density is shown in Figure 
7-2 for NS of the same sample height with five applied voltages: 100 V, 125 V, 150 V, 
175 V and 200 V. The height of the current density peak in region I of Figure 7-2 
increases with applied voltage. The current density peak in region II also increases in 
height, but shifts to higher temperatures by 19°C as applied voltage increases from 100 V 
to 200 V. The shift in this peak’s temperature (Tpeak) follows a linear trend of 
Tpeak=0.192*V+169 [°C] where V is the magnitude of applied voltage. The current 
density peak in region III of Figure 7-2 remains constant as applied voltage increases 
from 100 V to 150 V. With increasing voltage, the transition from region III to region IV 
continuously shifts to lower furnace temperatures. It should be noted that for the NS 
composition, spikes in current density were observed in some cases. The shift of the high 
current density region IV at high voltage obscures the current density peak of region III 
as compared to lower applied voltage.  
As mentioned above, the current measurements can be integrated to calculate the 
accumulated charge flowing per unit area through the sample. Inspection of accumulated 
charge density can reveal the amount of charge required to form an alkali ion depletion 
layer within the glass. The voltage dependence of accumulated charge density is revealed 
in Figure 7-3a where the latter is plotted as a function of time. These plots highlight the 
accumulated charge density to dielectric breakdown (seen as surge in Figure 7-3a). This 
charge density for breakdown is observed to both increase and shift to shorter times as 
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applied voltage is increased. The accumulated charge density was then normalized by 
applied voltage and plotted in Figure 7-3b. The result has the units of capacitance per unit 
area (C/V.cm2), and therefore termed area-specific capacitance. However, it does not 
have the conventional meaning of dielectric capacitance i.e. the charge stored density. 
Figure 7-3b reveals that just prior to electrical breakdown a common area-specific 
capacitance of approximately 2 to 3 mF/cm2 is reached within the glass irrespective of 
voltage. 
The role of alkali ion diffusion in thermally stimulated currents was delineated by 
varying the ratio of Li+ to total alkali content (Li+ + Na+) in a disilicate glass system. The 
thermally stimulated current density for NS, 2L8NS, 5L5NS and LS is shown in Figure 
7-4 with respect to furnace temperature at an applied voltage of 150 V and pressure of 1 
MPa. As Na+ content decreased, the current density peak in region I of Figure 7-4 
decreased to the point where for the LS composition it is not observed. A similar shift in 
peak temperature in region I was reported during thermally stimulated poling current 
measurements of thin mixed alkali silicate glass films [96]. As Na/Li ratio increased to 
~1 within the mixed alkali series, the height of current density peak in region II of Figure 
7-4 remained constant. However, its peak position shifted to higher furnace temperatures 
non-monotonically, indicative of the mixed-alkali effect. The current density peak in 
region III of the thermally stimulated current density remained constant in peak 
temperature as revealed by Figure 7-4 with only a slight increase in height as Li+ was 
substituted into the glass composition. Region IV corresponds to large and sustained 
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current density following the same shift in furnace temperature as the current density 
peak in region II. 
The activation energy of thermally stimulated current density corresponding to alkali 
ion diffusion can be calculated using the initial rise method, as shown by the Arrhenius 
plot in Figure 7-5 for 5L5NS with 150 V applied [56]. The activation energy 
corresponding to the slope of the linear fit is calculated to be 1.14 eV. Following this 
procedure, the activation energy for TSPC alkali ion diffusion for NS, 2L8NS, 5L5NS 
and LS is determined and given in Table 7-1 as 0.62  0.06 eV, 1.00  0.07 eV, 1.14  
0.02 eV and 0.66  0.03 eV, respectively. These values remained constant for varying 
applied voltage. The peak temperatures of thermally stimulated current densities can also 
give an estimate for activation energy of each process that contributes to the current 
[50,54,97]. From this estimate, the activation energy is approximately equal to 25KbTMax 
[eV] where TMax is the temperature of the peak maximum in Kelvin [54]. These estimates 
are listed in Table 7-2 for each peak temperature and corresponding composition. 
However, this calculation is only approximate since the peaks need to be well resolved 
for accurate analysis. 
The accumulated charge density corresponding to the current density measurements 
of Figure 7-4 was calculated and is shown in Figure 7-6 as a function of time, where the 
abscissa emphasizes the buildup of charge density in region III to electrical breakdown in 
region IV of current runaway. The transition between the two regions is seen in Figure 
7-6 as a sudden increase in charge density. The accumulated charge density just prior to 
dielectric breakdown of the two single alkali glasses at 150 V was similar (~0.5 C/cm2), 
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while it decreased by nearly a third for the mixed alkali glass 5L5NS to 0.3 C/cm2. 
Accumulated charge density at breakdown decreased with mixed alkali content but 
breakdown shifted to longer times corresponding to higher furnace temperatures. 
The effect of heating rate on thermally stimulated current density in LS with 150 V 
applied is shown in Figure 7-7 for 10°C/min (black) and 5°C/min (red). The results 
demonstrate that the peak temperature corresponding to DC conduction of alkali ions in 
region II is reduced from 228°C for 10°C/min to 212°C at the slower heating rate of 
5°C/min. The same trend occurs for the current density peak in region III prior to 
electrical breakdown, where the peak at 367°C for 10°C/min shifts to 348°C for 5°C/min. 
The activation energy calculated using the initial rise method for the current density peak 
in region II representing DC conduction of cations in LS is 0.63 eV for the slower heating 
rate, which is within experimental error of 0.66  0.03 eV calculated for 10°C/min. 
7.1.2 Discussion of DC TSPC results 
The role of alkali ions in EFIS was investigated by measuring thermally stimulated 
current densities for each composition. For the simple case of a single alkali containing 
glass, thermally stimulated current density for NS with 150 V applied across 0.9 cm thick 
sample is shown in Figure 7-1. As mentioned above, there are four distinct regions (I-IV) 
that contain three current density peaks and a sustained high current density plateau. The 
current density peak temperatures and associated activation energies are listed in Table 
7-2. The current density peak in region I corresponds to short-range dipolar polarization 
of alkali ions aligning in the direction of the applied voltage around non-bridging 
oxygens (NBOs) [48,61]. Region II of Figure 7-1 corresponds to long-range DC ionic 
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conduction of alkali ions from anode to cathode as a function of temperature [48,54,98]. 
The activation energy of DC ionic conduction for the current density peak in Region II 
was calculated for all samples as shown in Figure 7-5 using the initial rise method [56]. 
The transition between regions II and III was chosen to split the current density plateau 
between the second and third peaks in current density. The exact transition of current 
density into region III is only speculated to be when the current density from the third 
peak begins to overcome the current density provided by the second peak. The activation 
energy of the peak in region III is roughly 1.4 eV (depending on heating rate as discussed 
later) as listed in Table 7-2. From the electro-thermal poling study of Chapter 5, 
experimental evidence of anion migration and proton injection were provided. The 
activation energy of either oxygen anion (such as an NBO) migrating toward the anode 
(literature lists values of 1.2 to 1.35 eV [6,41,99–101]) or since experiments were 
conducted in air proton injection from the anode into the glass (literature cites values of 
1.5 eV in ambient [41,102]) could be attributed to the peak of region III. It is possible that 
region III could be a combination of the two processes. The abrupt increase in 
accumulated charge density and sustained high current density in region IV and current 
spikes prior reveal rapid electrically discharge. The current spikes could be the initiation 
of electrical discharge followed by rapid healing as a kind of ‘shorting’ of current flow. 
The current spikes and sustained high current suggest and have been attributed to 
dielectric breakdown of the glass samples at elevated temperatures [103]. 
The voltage dependence of thermally stimulated current densities is displayed in 
Figure 7-2. Region I of Figure 7-2 reveals that the dipole polarization current density 
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peak increases to a maximum at a voltage of 150 V and above, indicating that the region 
near the anode becomes fully polarized at room temperature. The DC ionic conduction 
peak of region II grows in height by a factor of three for 200 V as compared to 100 V. It 
also shifts to higher temperatures as voltage is increased, indicating that additional 
sodium ion migration occurs and is expected to increase the depletion layer thickness 
[36]. However, the peak in region III remains constant for 100 V, 125 V and 150 V, and 
does not appear for the higher applied voltages. Thus, EFIS does not depend on the 
polarization process of region III. EFIS is primarily associated with region IV where 
dielectric breakdown shifts to lower furnace temperatures with an increase in applied 
voltages. For example, an increase of applied voltage from 100 V to 200 V, the furnace 
temperature for dielectric breakdown of NS decreased by approximately 130°C (see 
Figure 7-2). 
The dependence of thermally stimulated current density on glass composition is 
demonstrated in Figure 7-4 for NS, 2L8NS, 5L5NS and LS with 150 V applied. The peak 
of region I shifts as lithium is substituted for sodium toward lower temperatures. This 
shift of dipolar polarization has been observed at room temperatures and below for mixed 
alkali trisilicate thin film glasses [96]. It is assumed that with the lithium disilicate glass 
composition the depolarization peak occurs rapidly upon application of a voltage and 
recording time was not sufficient to capture the current measurement.   
The shift in peak temperatures in region II for each composition is listed in Table 7-2 
along with their calculated activation energies. The increase in activation energy 
attributed to DC ionic conduction is expected as mixed alkali ratio approaches unity 
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[76,96]. This is supported by measurements from impedance spectroscopy from Figure 
4-6. For 5L5NS to have the same electrical conductivity as NS, it needs to reach higher 
temperatures. For example, DC conductivity of NS at 205°C was 3.27x10-5 S/cm, 
whereas that of 5L5NS at 203°C was 1.93x10-7 S/cm. This supports that the shift to 
higher temperatures in the thermally stimulated current densities is due to DC conduction 
of alkali ion migration and influenced by their corresponding activation energies. 
The accumulated charge density and area-specific capacitance in Figure 7-3 
demonstrate how the formation of the alkali ion depletion layer influences the electrical 
characteristics of the glass. The inflection of the charge density is associated with the 
formation of the depletion layer near the anode due to the exhaustion of mobile cations 
during region II. The inflection point in Figure 7-3a is observed near 1,250 s mark for all 
voltages.  As applied voltage is increased, the accumulated charge density at which the 
inflection takes place increases. However, by normalizing the accumulated charge density 
with the applied voltage the area-specific capacitance can be calculated as seen in Figure 
7-3b. An interesting characteristic is observed following the formation of the alkali ion 
depletion layer: the area-specific capacitance has about the same value around 2.5 
mF/cm2, irrespective of applied voltage. This indicates that the mechanism of dielectric 
breakdown is insensitive to various external voltages, supporting that the local internal 
electric field across the alkali ion depletion layer dictates its breakdown. 
The change in heating rate produces multiple effects on EFIS. Its main effect is the 
measured shift in thermally stimulated current density as shown in Figure 7-7. A heating 
rate of 10°C/min (black) and 5°C/min (red) was used to heat two samples of LS. A shift 
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toward lower furnace temperatures at a slower heating rate was expected as observed in 
polymers since the sample temperature does not lag behind [104]. The shift in current 
density to lower furnace temperature for the slower heating rate did not influence the 
activation energy for alkali conduction outside of experimental error. Reducing the 
heating rate by half increased the furnace temperature at which the glass began to soften 
by 8°C (see Figure 7-7); glass softening began at a furnace temperature of 419°C with a 
heating rate of 10°C/min and increased to 427°C with 5°C/min. The shift in thermally 
stimulated current density significantly influenced the amount of accumulated charge 
density that the glass experienced just prior to electrical breakdown. The accumulated 
charge density to electrical breakdown were 0.73 C/cm2 and 0.45 C/cm2 for the 5°C/min 
and 10°C/min heating rates, respectively. The slower heating rate allowed an increase in 
accumulated charge density at breakdown by a factor of 1.6. This reveals that heating rate 
heavily influences accumulated charge density at breakdown. So, the depletion layer 
thickness prior to electrical breakdown could potentially be controlled by tailoring the 
heating rate during EFIS. 
7.2 Thermally stimulated currents under AC voltage 
7.2.1 AC TSPC results 
Thermally activated processes were also investigated for AC frequencies in the same 
manner as DC in the previous section. These current measurements were made during 
EFIS testing of the same samples discussed in Figure 5-9 for both NS and 5L5NS glass 
compositions as listed in Table 7-1. A constant voltage of 150 Vrms was chosen to 
compare with the 150 V DC (0 Hz) condition. The frequency dependence of current 
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density is shown in Figure 7-8a for NS and Figure 7-8b for 5L5NS in the frequency range 
of 0 Hz to 1000 Hz. The presence of an oscillating voltage immediately reveals a change 
in thermally activated current as compared to DC. In the case of DC, the thermally 
stimulated current was broken down into four distinct regions. Here, for AC there are 
only has three distinct regions. From both NS and 5L5NS in Figure 7-8 it can be seen at 
low furnace temperature that a steady-state current is produced with the application of 
150 V for all but the 0 Hz. The second region in Figure 7-8 occurs when the current 
density begins to rise at a constant semi-log slope with increase in furnace temperature. 
The current density converges to a common increase with temperature, irrespective of 
frequency except for 0 Hz. The semi-log slope constant for NS was 0.018 ± 0.0001 while 
5L5NS was 0.019 ± 0.0001. The third region of current density in AC begins when the 
current density begins to rise beyond the mentioned semi-log slope constant with furnace 
temperature. The power resistor in series with the sample, as described in section 3.5, 
then limits the rise in current density. The sudden drop in current density in Figure 7-8 is 
from the voltage being removed from the sample. 
The accumulated charge density was calculated as for the case of DC i.e. as the time 
integral of current density. The frequency dependence of charge density is show in Figure 
7-9a for NS and in Figure 7-9b for 5L5NS. From Figure 7-9a, an accumulated charge 
density of approximately 10 C/cm2 was required for NS to transition region II of Figure 
7-8a to region III. This transition appears to be independent of frequency likely due to 
self-heating. A similar accumulated charge density of 10 C/cm2 was required for 5L5NS 
for the same transition in Figure 7-9b, however, at 1000 Hz, the transition occurred 
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around 1 C/cm2 for 5L5NS. The accumulated charge density at breakdown in the DC 
case for 150 V was smaller around 0.5 C/cm2 and 0.3 C/cm2 for NS and 5L5NS, 
respectively. 
The power density corresponding to the current densities of Figure 7-8 were 
calculated by multiplying the applied voltage with the current density. The frequency 
dependence of power density is shown in Figure 7-10a for NS and Figure 7-10b for 
5L5NS showing the same response as current density since voltage is constant. From 
Figure 7-10, it is obvious that the amount of power dissipated within the samples were 
much greater compared to the DC case. However, following dielectric breakdown in DC, 
power dissipation increases dramatically to a current limit imposed by the series resistor. 
The electrical conductivity was calculated from the current density, applied voltage 
and sample height. The temperature and frequency dependence of electrical conductivity 
for NS is calculated in Figure 7-11a while 5L5NS in Figure 7-11b. The electrical 
conductivity empirically follows the same behavior as current density exhibiting the three 
regions. The plateau of electrical conductivity at low temperatures is due to an AC 
component while at higher furnace temperature the conductivity is dominated by a DC 
component.[105] 
7.2.2 Discussion of AC TSPC results 
The steady-state current density measured in Figure 7-8 for both NS and 5L5NS 
reveals that electrode polarization is likely occurring. At low furnace temperatures, the 
alkali ions are unable to migrate away from their associated NBO’s. Hence, no long-
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range alkali ion migration occurs and current is produced by interfacial polarization. In 
this frequency range the electrical conductivity is frequency independent as shown in 
Figure 4-1 and capacitance is heavily frequency dependent as seen in Figure 4-3. The 
initial current density with respect to frequency and the convergence of current density to 
a semi-log linear rise follows the empirical Jonscher power law.[105] This power law 
behavior has been reported for oxide and chalcogenide glass compositions.[106–108] The 
power law of total electrical conductivity is the sum of the DC and AC components as: 
𝜎𝑇𝑜𝑡𝑎𝑙 = 𝜎𝐷𝐶 + 𝜎𝐴𝐶   (Equation 7-1) 
This relation can be further broken down as temperature dependent and frequency 
dependent terms. The temperature dependent is determined from the Arrhenius behavior 
of DC electrical conductivity of Equation 4-4 as previously mentioned. This term 
determines the conductivity due to thermal agitation and diffusion of mobile ions.[106] 
Since energy is provided to mobile ions thermally, the term is frequency independent. 
The frequency dependent term has been empirically defined as the following relation: 
𝜎𝐴𝐶 = 𝐴𝜔
𝑆    (Equation 7-2) 
where A is a constant [S/cm.rad], ω is angular frequency [radian] and the exponent S lies 
within the range 0 < S < 1 but appears to reach a limit at temperatures above ambient in 
glasses of S=0.6.[109] This term dominates the total conductivity when sample 
temperatures are low. Therefore, mobile ions do not have enough thermal energy to hop 
resulting in diffusions or migration. At these lower temperatures an increase in frequency 
will increase the probability of an ion successfully completing jumps resulting in an 
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increase in conductivity.[106] Equation 4-4 and Equation 7-2 can be substituted back into 
Equation 7-1 to give the following relation of total electrical conductivity as: 
𝜎𝑇𝑜𝑡𝑎𝑙 = 𝜎0𝑒𝑥𝑝
(−𝐸𝑎 𝑘𝐵𝑇⁄ ) + 𝐴𝜔𝑆  (Equation 7-3) 
This model however, is only empirical and generally fits experimental data well. 
Multiple models have been developed to take on physical means such as ‘universal 
dynamic response’ (S=0.6) and ‘nearly constant loss’ or second-universality (S>0.6) 
model occurring at low temperatures.[110–113] Equation 7-3 was applied to Figure 7-11a 
for NS and Figure 7-11b for 5L5NS as dashed lines for 60, 125 and 1000 Hz. 
The semi-log linear increase in current density in the second region at intermediate 
furnace temperatures occurs due to a change in conduction processes within the glass. 
The semi-log linear increase in current density as a function of temperature for AC 
frequencies matches well to the second region of Figure 7-8 as observed in the DC case. 
At these furnace temperatures, long-range ionic diffusion can occur. Migration of alkali 
ion begins to overcome and dominate the current density produced due to short-range 
oscillations. The activation energy associated with the second region was calculated from 
the initial rise of the electrical conductivity for each glass composition similar to Figure 
7-5. The calculated activation energies for NS and 5L5NS are summarized in Figure 7-12 
with their corresponding frequency. NS was calculated to have an activation energy of 
0.73  0.03 eV while 5L5NS was 1.29  0.03 eV during the initial rise with an AC 
voltage. The initial rise while using a DC voltage was closer to impedance spectroscopy 
values of 0.64 eV and 1.24 eV for NS and 5L5NS, respectively. The values are about 0.1 
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eV larger than the activation energy calculated for DC conduction from impedance 
spectroscopy in Table 4-1 and Table 6-1. 
The major difference between AC and DC is that a decrease in current density is 
measured for DC around 200°C for NS in Figure 7-8a and 340°C for 5L5NS in Figure 
7-8b. This decrease in current density is attributed to the exhaustion of charge carriers 
away from the anode. In the case where an oscillating voltage was used, the current 
density continues to increase linearly. This is a result of two half-cycle processes 
comprised within the AC signal frequency.[114] First, the alkali ions migration away 
from the positive electrode during the first half-cycle in the direction of the electric field. 
The second half-cycle consists of the recovery of alkali ions back toward the electrode in 
the reverse direction of the initial electric field. This process prevents the development of 
an alkali ion depletion layer near the electrodes. The two half-cycles can be thought of as 
a competition of the two driving forces as demonstrated in the following equation: 
𝐽𝑖 = −𝐷𝑖∇C +  µC𝐄   (Equation 7-4) 
where Ji is the flux of alkali ions [mol/cm
2.s], Di is the diffusion constant of alkali ions 
within a silicate glass matrix [cm2/s], ∇C is the concentration gradient of alkali ions 
[mol/cm], µ is the charge carrier mobility [cm2/V.s] and E is the electric field [V/cm]. 
The first term on the right-hand side of Equation 7-4 is the flux of alkali ions due to 
diffusion while the second term is the flux resulting from migration in an electric field. 
The mobility of charge carriers is further related to the electrical conductivity of an ionic 
conductor as follows: 
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µ =  𝜎 𝑛𝑖𝑒⁄     (Equation 7-5) 
where σ is the electrical conductivity [S/cm], ni is the concentration of mobile ions [cm-3] 
and e is the elementary charge for a monovalent ion [C]. 
At the start of the first half-cycle the flux of alkali ions is controlled by the migration 
term of Equation 7-4 since the concentration gradient is zero. However, as ions migrate 
away from the electrode within the first half-cycle the concentration gradient grows 
leading to a self-decelerating process of backward diffusion. During the second half-cycle 
where the electric field is reversed, both the concentration gradient and migration terms 
of Equation 7-4 add resulting in recovery of alkali ions to their original positions. While 
the sample remains at furnace temperature the flux of alkali ions toward the electrode 
should readily exceed the flux away as a self-healing process. Therefore, a depletion 
layer is not expected to accumulate within the frequency range tested. However, 
dielectric breakdown can still occur if charge injection is faster than the half-cycle of the 
AC frequency i.e. damage from charge injection can occur faster than healing from the 
reverse AC cycle. Another possibility could occur if the sample begins to heat beyond the 
furnace temperature, dielectric breakdown can still occur across the depletion layer 
formed from the first half-cycle resulting in localized hot spots. Here, the temperature 
increase could dramatically enhance the mobility and displacement during the first half-
cycle. Upon the second half-cycle the sample could dissipate heat quickly and effectively 
‘freeze’ in the alkali ion displacements and inhibit a full recovery back towards the 
electrode. If this condition is met, the sample is susceptible to breakdown. In fact, 
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evidence of a depletion layer during AC is shown in the next section, where EDS is 
discussed (see section 8.3.1). 
Power dissipation results in self-heating as a positive feedback system. This process 
gives insight into the reduction of furnace temperature required for EFIS. As summarized 
earlier in Figure 5-10, the application of an AC voltage further reduced furnace softening 
temperatures as compared to DC. With an oscillating voltage, the amount of power 
dissipated is more than measured in DC due to the formation and annihilation of an alkali 
ion depletion layer. The power dissipation in AC is split between the two electrodes 
creating a more uniform self-heating profile and a faster approach to EFIS. For the DC 
case, the power dissipation is contained within a thin alkali ion depletion layer which 
upon breakdown, experiences abrupt and intense power dissipation. The contained power 
dissipation in DC leads to a non-uniform self-heating thermal runaway process. The 
comparison of DC to AC self-heating is described in section 8.5 with infrared imaging as 
seen in Figure 8-13 for DC 150 V and Figure 8-14 for AC 150 V 1000 Hz for NS glass 
samples. Though similar power densities were experienced in both AC and DC scenarios, 
the manner power was dissipated within the samples lead to uniform heating in the 
former and localized heating in the latter. 
7.3 Compositional analysis of modified and parent glass 
Here, the goal was to quantitatively measure the thickness of the alkali ion depletion 
layer while also investigating the microstructure of the glass near the anode by energy 
dispersive spectroscopy (EDS). Quantification of compositional analysis and chemical 
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environment of the depletion layer and bulk glass were investigated using x-ray 
photoelectron spectroscopy (XPS). 
7.3.1 EDS results 
Thermally stimulated current measurements were made during the EFIS process on 
the NS and NAS glass compositions of Table 7-1 were used as lithium could not be 
detected in the current EDS detector. A voltage ranging from 100 to 200 V was applied 
across the top and bottom faces of the samples at room temperature. One sample of NS 
was tested with an AC voltage of 120 V at 60 Hz. A representative current measured for 
NS is shown in Figure 7-1 with 150V applied across the glass. These thermally 
stimulated currents have previously been discussed for other alkali disilicate glasses with 
their polarization mechanisms identified in section 7.1.2. The samples used for EDS were 
stopped quickly after the current density of the glass reached that of Region IV 
corresponding to dielectric breakdown. The samples were cooled the room temperature 
quickly under an applied voltage to retain ionic displacements for characterization. 
Compositional changes in the glass were observed using EDS as displayed in Figure 
7-13 for NS with 125 V applied. Here, a linescan was taken in the glass region near the 
anode as indicated by the yellow line in the secondary electron image. The depth profile 
is represented by graphing the intensity of each constituent element with respect to scan 
length in Figure 7-13. The scan length is equivalent to depth into the glass and represents 
a clear alkali ion depletion layer, measured to be roughly 50 µm. An EDS map is shown 
in Figure 7-14 of the same sample of NS with 125 V applied. The map reveals that the 
alkali ion depletion layer thickness is non-uniform and can vary greatly. 
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Another observation revealed by SEM in Figure 7-15 was that the edge of the glass in 
contact with the anode appeared beveled. This could indicate preferential polishing of the 
alkali depletion region as compared with the bulk of the glass, or alternatively, a 
densification of the glass within the depletion region.[115] The NS sample in Figure 7-15 
was poled with 150 V. The increase in applied voltage resulted in a large depletion layer 
thickness of about 150 µm. A similar trend in depletion layer thickness increase with 
increasing voltage was reported during poling of bioactive glasses.[36] 
An important feature associated with the alkali ion depletion region is the presence of 
cavities post-mortem. The cavities shown in Figure 7-14 and Figure 7-16, were only 
observed in locations of the glass where alkali ions were depleted. An example that 
highlights this feature is displayed in Figure 7-17 for NAS following EFIS with 200 V 
and 1 MPa applied. Here, Figure 7-17a is a secondary electron image of the anode/glass 
region where the anode would be located on the left of the image and the glass sample is 
the right side. An EDS map was collected over this region and into the bulk sample. An 
overlay of the sodium intensity map is shown in Figure 7-17b which reveals a clear alkali 
ion depletion layer of about 40 µm thick. From Figure 7-17b it is interesting the note that 
the cavities are located only in the depletion layer. In fact, in the middle of the image 
indicated by a yellow arrow, a semicircular cavity appears to be forming, reinforcing that 
cavities only form within the alkali ion depletion layer. Upon removal of all NS samples 
from the furnace at room temperature it was found that the anode side of the glass had 
adhered to the anode. 
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An EDS linescan in Figure 7-18 of NS in the region near the cathode after 175 V was 
applied showed no appreciable buildup of alkali ions at the cathode. However, for other 
NS samples with 175 V and 200 V along with NS 120 V at 60 Hz, an optically brown 
region was observed within the glass near the cathode. This was not observed on all 
samples. The optically brown region was revealed as sodium-rich by Figure 7-19 for the 
NS 120 V 60 Hz sample. It should be noted that during EFIS vapor was visually observed 
coming from the sample. Due to this observation, the graphite electrodes were also 
inspected by SEM and EDS. The anode area in contact with the glass did not contain any 
alkali ions as seen in Figure 7-20a. However, on the anode surrounding the area where 
contact was made, strong sodium and oxygen EDS signals were measured indicated 
vapor condensed on the anode as Na2O. The cathode was investigated as well as seen in 
Figure 7-20b and found that the graphite cathode accepted alkali ions into the electrode 
material. 
Two samples with 150 V applied were stopped prior to experiencing dielectric 
breakdown in region IV of Figure 7-1. The first sample (NS 150 V Max) was stopped at 
the current density peak of region II and cooled to room temperature with the applied 
voltage. The second sample (NS 150 V Level off) was taken to the plateau regime in 
region III and consequently stopped and cooled to room temperature with an applied 
voltage as well. Both samples were characterized with SEM and EDS. However, a 
detectable depletion layer was not measured as seen in Figure 7-21 for NS 150 V Max. A 
minor alkali ion depletion was observed for these samples, however, the probe size used 
for SEM and EDS was approximately 1 µm as to avoid sodium migration away from the 
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probe. Despite the lack of a detectable depletion layer, it is important evidence that there 
is no presence of cavities in the glass near the anode as observed for all glass that were 
stopped before region IV of Figure 7-1. 
7.3.2 EDS discussion 
During the poling processing of the sodium disilicate glasses with DC voltages, 
thermally stimulated currents were measured as previously discussed in section 7.1.2 and 
as shown in Figure 7-1. Each of the NS samples that were brought to region IV (unless 
otherwise noted) and subsequently cooled to room temperature all contained an alkali 
depletion layer that had a thickness ranging from 40 µm to 150 µm depending on the 
applied voltage. This alkali ion depletion layer thickness is much greater than those 
measured from electro-thermal poling on the same glass compositions in Chapter 5. This 
difference is due to the much higher ionic conductivity when glass is exposed to higher 
furnace temperatures in the former along with internal Joule heating caused by the 
increased conductivity. 
The lack of alkali ions within the depletion layer can be seen as a change in contrast 
in Figure 7-13 at the anode/glass interface region. The alkali ion depletion region appears 
brighter in contrast due to the relative increase of heavier atomic mass elements 
compared to the bulk. The difference in contrast is supported by the EDS maps of Figure 
7-14 and Figure 7-16 as the thickness of the alkali ion depletion region. The EDS maps 
reveal that the depletion layer thickness is not uniform indicating that there are 
preferential locations of the glass surface that make better electrical contact with the 
electrode compared to other anode/glass interface locations. It is expected that the 
144 
 
depletion layer thickness would be uniform if the glass surface was entirely smooth and 
all asperities were removed.  
Although it appears certain locations make good electrical contact, the anode was 
observed to adhere well to all the glass samples, especially for NS with 200 V applied. 
This has been observed in various glass poling situations and has been studied as anodic 
bonding to the electrode as an oxidation process.[8,43] It is believed that the cavities 
observed within the depletion region are a result of electrolysis.[3,42,116] The 
electrolysis process occurs in order to charge balance the uncompensated NBO after its 
associated cation has migrated toward the cathode. As the furnace temperature and 
subsequent Joule heating of the sample occurs, the mobility of the O-1 anion increases. 
During this process, the anion can either combine with another NBO to form molecular 
oxygen or migrate across the depletion layer toward the anode to be neutralized. It is 
presumed that the path length for an anion to find another is shorter than migrating to the 
anode. Therefore, the cavities form within the depletion layer when molecular oxygen 
accumulates as gas and deforms the glass structure. If this process occurs near the edge of 
the sample, the gas could escape. If the gaseous species form relatively ‘deep’ inside the 
depletion layer (such as seen in Figure 7-17b), they could coalesce to form packets of gas 
that are trapped upon cooling the sample. 
As Joule heating within the sample increases as a positive feedback from increase in 
electrical conductivity, the glass begins to heat rapidly. Figure 7-20a shows an alkali EDS 
signal on the anode electrode material. Sodium would not normally migrate to the anode 
due to repulsion. So, it must have vaporized and condensed on the electrode. Previously, 
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a white powder accumulation was observed on the push rods of the system and identified 
through EDS as having a composition same as that of the glass (see Figure 8-8). This 
further supports glass vaporization occurs during EFIS in region IV. Cations within the 
glass were not observed to accumulate at the cathode/glass interface, as expected. The 
cations were either accepted by the cathode material as seen in Figure 7-20b or 
accumulate about 50 µm inside the glass as shown by Figure 7-18 away from the 
cathode/glass interface. The accumulation within the glass was visually brown and was 
sodium-rich compared to the bulk composition. 
An accumulation of sodium ions within the glass while using an AC voltage of 120 V 
at 60 Hz was not expected. However, a depletion layer thickness ranged from 0 to 20 µm 
within the same sample of 120 V at 60 Hz. Heating of the sample beyond the furnace 
temperature in localized spots could dramatically increase ionic mobility as seen in 
Equation 7-5 since electrical conductivity is temperature dependent. As discussed later in 
infrared imaging section to follow, localized hot spots were still observed indicating 
dielectric breakdown as a mechanism for EFIS in AC as well as DC conditions. 
For the two samples, ‘NS 150 V max’ and ‘NS 150V Level off’, that did not 
experience dielectric breakdown, it was anticipated that the depletion layer thickness 
would be on the same order of magnitude as those measured from electro-thermal poling 
ranging from 50 nm to 200nm. Although EFIS and electro-thermal poling occur on 
different temperature scales the applied voltage is similar and therefore, the depletion 
layer thicknesses similar in magnitude according to the equation for space charge theory 
in Equation 1-2. However, a large probe size was required when characterizing NS due to 
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the migration and volatilization of sodium under the electron beam. A large beam size 
reduced these effects but consequently reduced resolution. The probe size used was too 
large to consistently confirm the existence of a depletion layer thickness less than 1 µm. 
It is believed however, that a depletion layer still exists on the order observed during 
poling as in Figure 6-14. 
Despite the lack of a depletion layer thickness measurement, the anode/electrode 
interface integrity was observed for the two samples that were stopped prior to reaching 
dielectric breakdown. The main feature from both samples and shown in Figure 7-21 is 
the lack of cavities in the glass near the anode. This supports the mobility of the NBO 
anion migration along with the electrolysis of glass. Other characteristics seen in Figure 
7-21 of the anode/glass interface is that the edge is a smooth cut with no contrast 
difference of the glass closest to the anode and the bulk further away. The edge of the 
glass also did not preferentially polish. This indicates that EFIS largely changes the 
characteristics of glass near the anode as opposed to conventional electro-thermal poling. 
7.3.3 XPS results 
Survey spectra across a wide range of binding energies from 0 to 1100 eV are shown 
in Figure 7-22 for NS surface in contact with the anode, NS surface in contact with the 
cathode and an unpoled virgin reference sample of the parent glass. The survey spectra 
show the core-shell orbital binding energies of the surface and near surface atoms along 
with Auger lines. The main overall trend revealed from the survey spectra of Figure 7-22 
was the increase in sodium peak intensity from anode surface to virgin glass to cathode 
surface. The higher resolution peak scans of Figure 7-23 were collected for the a) oxygen 
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1s, b) sodium 1s, c) silicon 2p and d) carbon 1s orbitals. The higher resolution peaks were 
then deconvoluted into multiple components for each element depending on bonding 
environment after subtracting a Shirley background and shown by the dashed line. This 
was done for each high-resolution spectrum at the virgin, anode and cathode surfaces. 
Three peaks can be identified in the oxygen 1s peak in Figure 7-23a, which are 
deconvoluted in Figure 7-24 for each sample surface. Overall, the oxygen 1s peaks are 
located at 533.0 eV, 531.7 eV and 531.0 eV binding energies as listed in Table 7-3. The 
small broad peak at higher energies above the oxygen 533 eV peak is due to sodium 
Auger signal.[117] The sodium 1s peak of Figure 7-23b remained constant at 1072.6 eV 
for the virgin (Figure 7-25a) and cathode (Figure 7-25c) glasses, but shifted slightly to 
lower binding energies for the anode (Figure 7-25b) composition to 1071.7 eV as listed in 
Table 7-3. The silicon 2p peak position in Figure 7-23c is obviously unchanged due to the 
XPS spectra being calibrated to this peak. For the cathode surface, the Si 2p peak was just 
above background. Finally, the carbon 1s spectrum is shown in Figure 7-23d, which 
consists of four distinct peaks at binding energies of 284.0, 285.0, 286.5 and 289.0 eV. 
The deconvolution of the carbon components is shown in Figure 7-26 and corresponding 
parameters along with their suggested origins are listed in Table 7-3. 
The peak areas of Figure 7-23 and Table 7-3, were used to quantify the glass 
compositions within the three surfaces of NS glass as given in Table 7-4 and Table 7-5. 
Since carbon paste was placed on the surfaces in contact with the electrodes, large carbon 
contamination was measured even after cleaning. The calculated compositions included 
carbon contamination in Table 7-4, but excluded it and impurities in the results of Table 
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7-5 to obtain the composition that is representative of underlying glass. The theoretical 
batch composition of NS is also listed in Table 7-5 for comparison. 
7.3.4 Discussion of XPS results 
The survey spectra of Figure 7-22 confirm the results of EDS that sodium ions 
migrate away from the anode toward the cathode. The higher resolution core level spectra 
of Figure 7-23 reveal additional information about the chemical bonding within the virgin 
and modified glass compositions. The three deconvoluted oxygen 1s peaks of Figure 7-24 
correspond to bridging oxygen represented by the 533 eV peak, while lower binding 
energies are attributed to two types of non-bridging oxygen (NBO) species [118–120]: 
These NBO peaks are attributed to O-Na bonding at 531.0 eV whereas O-Ca bonding 
yields the 531.7 eV peak. Each spectrum in Figure 7-23 was analyzed in this way and the 
numerical parameters of deconvolution are given in Table 7-3.  
Two peaks were observed for the anode oxygen 1s spectrum at 532.8 eV and 531.1 
eV corresponding to BO and O-Na NBO bonding, respectively. Two peaks were also 
observed in the cathode oxygen 1s spectrum. Here, the peaks were at 533.0 eV and 532.0 
eV, which have been attributed to BO and presence of oxygen in sodium carbonate, 
respectively.[80]  The virgin glass with the carbon paste removed had about 81% BO and 
19% NBO. The BO to NBO ratio is higher than expected for NS, which has a theoretical 
ratio of 3:2, likely from leaching of sodium during surface cleaning.[2,119] The anode 
had a 96% BO signal while the cathode had 58% BO and 42% NBO. These ratios of BO 
to NBO in Table 7-3 reveal that electrolysis occurs at the anode/glass interface surface 
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following poling. It also reveals that oxidation of cations occur at the cathode/glass 
interface as well. 
The sodium peak position in Figure 7-23b corresponds to Na-O bonding for each 
sample surface.[80] The slight shift in binding energy of the sodium 1s spectra is likely 
due to error in referencing to a rather small silicon 1s peak for the cathode surface 
spectrum. The silicon peak was measured as a single component peak in Figure 7-23c, 
meaning that silicon only had one bonding condition viz. to oxygen. The anode side of 
the glass indicated a relative increase in silicon due to the lack of alkali ions while silicon 
signal at the cathode was minimal. However, oxygen was still present at the cathode as 
BO and NBO. Since the alkali signal at the cathode was large, the silicon was effectively 
‘buried’ just below the surface. It is assumed that the remaining BO signal from the 
cathode corresponded to Si-O bonding, allowing for further compositional calculations.  
Four distinct carbon peaks were identified for the virgin, anode and cathode surfaces 
in Figure 7-26, which are broken down in Table 7-3 by identified components. The 
lowest binding energy peak at about 284 eV corresponds to sp2 C-C bonding. At 
approximately 1 eV higher at 285 eV, the peak is attributed to sp3 C-C bonding.[121] The 
third carbon peak corresponds to C-O bonding at around 286.5 eV, and the fourth peak 
around 289 eV is determined to be C=O.[80] Note that graphite paste was applied to the 
top and bottom faces of the glass disks to make good electrical contact with the graphite 
electrodes. This paste was removed with acetone and then rinsed with 200 proof ethanol. 
The amount of C-O bonding varied depending on the location of the sample. The anode 
had the most C-O bonding while the cathode exhibited the least fraction. This is likely 
150 
 
due to the oxygen at the anode bonding with carbon. The opposite situation then occurs at 
the cathode where there is an excess of cations that form sodium carbonates. 
The formation of sodium carbonate is independently supported by two calculations 
for estimating its amount. From Table 7-3 there is about 21% C-O bonding in the cathode 
C 1s spectrum. Using this fraction multiplied by the total amount of carbon measured in 
the sample from Table 7-4 of the cathode/glass surface gives an estimate of sodium 
carbonate formation as about 16% of the total composition there. If a similar calculation 
is performed using the fraction of O 1s peak connected with sodium carbonate at the 
cathode (see Table 7-3 listing 42% of the oxygen), its concentration amounts to 21% of 
the composition. The two estimates are very similar, considering the experimental error 
associated with the deconvolution of spectra. 
The composition of various surfaces with the omission of carbon (which is from 
external contamination) is presented in Table 7-5. The calcium signal in the XPS spectra 
is believed to be contamination from the carbon paste and was omitted as well. From 
Table 7-5 the composition analysis of the virgin glass gave an approximate empirical 
formula of 22 Na2O ● 78 SiO2. The expected composition was 33 Na2O ● 67 SiO2. The 
reduction in sodium to silicon ratio is likely due to the leaching of sodium from the glass 
into 200 proof ethanol during the cleaning of samples. However, a fracture surface 
compositional analysis may provide a more accurate measurement closer to nominal 
batch composition.[118] The composition analysis of the anode in Table 7-5 corresponds 
to empirical formula of 1Na2O ● 99 SiO2. Here the dramatic reduction of sodium at the 
anode is a consequence of the DC electric field or electrolysis of the sample. Positive 
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sodium ions migrate away from the anode toward the cathode producing current through 
the sample. By comparison, the composition of the cathode is 40 Na2O ● 60 SiO2 (see 
Table 7-5, assuming BO signal gives a good estimate of silicon). The expected 
composition was Na2O as to account for the accumulation of sodium from the anode to 
the cathode. The measured increase in sodium was not as dramatic as expected most 
likely due to the formation of sodium carbonate during poling at the cathode which 
consequently was washed away during cleaning. Another possibility could be due to 
sodium being accepted by the graphite cathode and not being blocked at the 
glass/electrode interface preventing a buildup of sodium at the interface. In fact, sodium 
was detected by EDS on the cathode itself in Figure 7-20b supporting this. 
7.4 Athermal alkali ion depletion layer formation 
It is well known that thermal energy predominantly determines the structure of glassy 
networks.[46] Here, the goal was to study alkali ion depletion layer formation well below 
Tg of the parent glass. The measurement of current density decay describes alkali ion 
depletion held isothermally. Thermal imaging of in situ alkali ion depletion formation 
was performed along with SIMS depth profiling to confirm compositional changes in the 
region of the glass near the anode.  
7.4.1 Experimental methods of athermal depletion layer formation 
LS and 5L5NS glass compositions were selected for this study. Graphite paste was 
used on the top and bottom faces of three samples (two LS and one 5L5NS) to make 
good electrical contact with the graphite electrodes. All samples were heated to a furnace 
temperature of 250°C and held for 10 minutes to equilibrate. A voltage across the top and 
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bottom of 150 V was applied at furnace temperature to observe current density decay 
with respect to time along with in situ thermal imaging. Following a sufficient current 
density decay, the furnace was cooled to ambient while a voltage was still applied. This 
would effectively ‘freeze’ in ionic displacements that occurred during poling.  
The samples were sectioned in half between the anode and cathode sides of the glass. 
The top and bottom faces were then cleaned to remove the thick carbon paste. Depth 
profiling using SIMS was performed on the samples as described in section 3.7.2. These 
samples were measured for both positive and negative ion concentrations in the glass 
region in contact with the anode. Two regions were measured for positive and negative 
ions on each sample for a total of four areas per sample that were characterized. 
7.4.2 Thermal imaging of depletion layer formation 
At the start of poling LS in Figure 7-27a, the current amplifier became saturated upon 
application of the external voltage due to too low of a gain being used. However, a repeat 
sample of LS using a higher gain setting in Figure 7-27b gave an initial conductivity for 
LS as 1.5x10-4 S/cm while 5L5NS in Figure 7-27c had an initial conductivity of 2.7x10-6 
S/cm at 250°C. These values correspond to an initial heat dissipation of 1.1 Watts for LS 
and 0.02 Watts for 5L5NS. 
Current density decay and charge flow are shown for each of the three samples in 
Figure 7-27. The current density decay was similar to electro-thermal poling in Figure 
6-8a. The decay profile of Figure 7-27 could not be fitted to a single exponential decay 
function as expected from electro-thermal poling of Figure 6-8c. The isothermal hold 
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times for the three samples were too short to empirically estimate relaxation time 
constants of the current density decay as in Section 6.2. 
An infrared image of LS prior to poling is shown in Figure 7-28 at 250°C furnace 
temperature. The anode, cathode and sample are labeled in yellow for clarity. Several 
cursors were placed throughout the live image to collect temperature values as a function 
of frame number. Two 3x3 pixel cursors were placed at the anode, cathode and bulk 
regions of the sample along with a cursor off the sample for furnace temperature. The 
temporal plots corresponding to the cursors are displayed in Figure 7-29 for (a) LS, (b) 
LS Repeat and (c) 5L5NS. The black arrows of Figure 7-29 indicate the frame number 
when the poling voltage was applied. Figure 7-29a and Figure 7-29b both show an 
immediate change in sample temperature near the anode at a maximum of 8°C. The 
temperature is then observed to decay with current density back to furnace temperature. 
Figure 7-29c for 5L5NS did not show appreciable sample heating upon application of 
poling voltage. 
Depth profiling via SIMS of positive ions within the glass from anode into the bulk 
are shown for LS in Figure 7-30a and for 5L5NS in Figure 7-30b. All ion signals were 
normalized to the intensity of silicon. These depth profiles are representative for each 
spot measured. A compilation of the lithium ion signal is shown in Figure 7-30c for all 
spots. The average depletion layer thickness was approximately 1 µm in depth. A rough 
estimate can only be obtained due to the rough surface finish of the glass during 
preparation before poling. From Figure 7-30 it appears as though calcium and potassium 
ions were injected into the sample as far as the depletion layer thickness for potassium 
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and half that for calcium. A depth profile for the negative oxygen anion is shown in 
Figure 7-31a where possibly a slight depletion of oxygen was measured within 0.25 µm 
of the glass closest to the anode. The hydrogen depth profile in shown in Figure 7-31b 
where hydrogen appears to be enriched within 0.5 µm from the anode. 
7.4.3 Discussion of athermal depletion layer formation  
Current density decay as shown in Figure 7-27 follows the same decay relaxation 
processes as observed in electro-thermal poling.[32] The two processes as described in 
detail in section 6.3.2 are attributed to the fast relaxation process of alkali ion migration 
away from the anode and a slow process of electrolysis of the glassy network leading to 
anion migration toward the anode. It is believed that these processes occur here also, but 
are potentially accelerated due to the higher poling temperature of LS at 250°C compared 
to electro-thermal poling at 120°C. However, reliable measurements of relaxation time 
constants for these samples could not be estimated due to their short poling times. 
Upon application of the poling voltage 1.1 W of electrical power in LS and 0.02 W in 
5L5NS were initially dissipated into the glass. From thermal imaging, it can be seen in 
Figure 7-29a and Figure 7-29b that most of the Joule heating was contained near the 
anode region of the glass with slight heating in the bulk. Heat generated near the anode 
dissipated quickly back to furnace temperature as current decayed. For 5L5NS in Figure 
7-29c, only 0.02 W was dissipated and no measurable temperature increase was 
observed. The difference in electrical conductivity easily accounts for the two orders of 
magnitude difference in heat dissipation due to current density decay. Although a 
temperature increase of 8°C for LS was measured, the sample temperature remained well 
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below the Tg where glass is conventionally considered to be in a rigid state.[3] The glass 
transition temperatures for LS and 5L5NS are 468°C and 420°C, respectively.  
To accommodate for the migration of alkali ions away from the anode, the remaining 
glass structure must rearrange for charge compensation in the absence of an internal 
electric field.[43] The structural rearrangement below Tg must then be an athermal 
process in the presence of an applied poling voltage. From the XPS discussion of section 
7.3.4, structural changes were observed as an increase bridging to non-bridging oxygens 
following poling at anode/glass interface. These observations are supported by structural 
analysis following poling of soda lime glasses. Irreversible polymerization of the glass 
located near the anode was measured using specular reflectance infrared spectroscopy 
where NBO’s were observed to convert to BO’s or Si-OH groups.[122] Another study 
using Raman Spectroscopy also observed structural rearrangements that were triggered 
by NBO migration during poling that resulted in the formation of  four-member (D1) and 
three-member (D2) silicate defect rings.[41] 
The detection of an alkali ion depletion layer was observed using SIMS depth 
profiling. Here, in Figure 7-30, glass composition was modified within a region of a 1µm 
thickness until reaching bulk values of the parent glass. The depletion layer thickness for 
both LS and 5L5NS in Figure 7-30a and Figure 7-30b were thicker than compared to 
those summarized in Figure 6-14 for electro-thermal poling on the same glass 
compositions. This result was expected due to both the increase in applied voltage from 
100 V to 150 V and increase in furnace temperature for LS and 5L5NS compared to 
electro-thermal poling conditions. The SIMS signal for Ca+ and K+ appear to be 
156 
 
impurities introduced from graphite paste that were pushed on the glass. This is 
consistent with results from XPS. The K+ accumulates at the interface between the alkali 
ion depletion layer and the bulk. The Ca+ signal is present only about halfway into the 
depletion layer. This is expected due to their difference in diffusivities, which depend on 
their size and valence, as similarly observed in electro-thermal poling of bioactive 
glass.[32] The ionic oxygen signal of Figure 7-31a indicates that little to no long-range 
anion migration occurred toward the anode. However, a slight decrease in oxygen signal 
was measured closest to the anode potentially due to oxygen evolution and escape from 
the sample as gas. It should be noted again that the surface roughness of the sample was 
too large for accurate measurements within the glass closest to the surface. As for charge 
compensation by structural rearrangements below Tg, hydrogen injection provides part of 
the charge compensation in the absence of mobile cations from the parent glass 
composition. Hydrogen injection was measured from Figure 7-31b to only occur within 
half of the depletion layer thickness at 0.5 µm. Therefore, the near surface injection of 
hydrogen cannot fully account for charge compensation of NBOs following alkali 
migration and subsequent depletion. 
7.5 Chapter summary 
Thermally stimulated current density measurements have revealed four distinct 
regions of polarization. Region I results from dipolar polarization of alkali ions rotating 
around their non-bridging oxygen in the direction of the applied field. Region II is 
attributed to long-range alkali ion migration from anode to cathode. The activation 
energy from the initial rise of Region II matches well with the activation energy for DC 
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electrical conduction measured by impedance spectroscopy. Region III is proposed as 
from anion migration due to electrolysis and proton injection from the anode in 
atmosphere. Region IV corresponds to dielectric breakdown of the sample leading to 
large current flow and the creation of photoemissions. 
The dependence of thermally stimulated current density on AC frequency showed a 
power law dependence on temperature and frequency. It is believed that the AC 
dependence results from two half-cycle processes. First, the positive electrode induces 
alkali ion migration toward the opposing electrode. Second, with a reversed field during 
AC oscillation, the alkali ions recover back to their original positions due to both 
migration and diffusion. 
Post-mortem characterization of depletion layer formation by EDS reveals a non-
uniform depletion layer much larger than those measured during electro-thermal poling. 
The depletion layer for EFIS following dielectric breakdown was measured to be ~50 µm 
thick. Visually brown regions in the sample were characterized as an alkali-rich phase 
acting as areas for cation accumulation. A change in chemical bonding environment was 
measured in XPS revealing an increase in depletion layer polymerization of the glassy 
network near the anode. 
Thermal imaging and current measurements of the depletion layer formation revealed 
that the migration of alkali ions prior to dielectric breakdown does not significantly 
increase the sample temperature near the anode. This indicates that structural 
rearrangements occur in glass well below Tg. SIMS depth profiling confirmed the 
formation of a depletion layer at 250°C to be about 1 µm in thickness.  
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Table 7-1: Glass compositions and their respective glass transition temperatures (Tg) and 
activation energy for alkali ion migration during constant heating. Activation energies 
from impedance spectroscopy and thermally stimulated current measurements are 
compared with values from Table 6-1. 
Glass 
Type 
Composition 
Tg 
[°C] 
Ea [eV] 
(Table 6-1) 
TSPC [eV] 
(Table 6-1) 
TSPC 
Ea [eV] 
NS 0.33 Na2O • 0.67 SiO2 
469.7 
 0.9 
0.70  0.01 0.66  0.02 
0.62  
0.06 
2L8NS 
0.33 [0.2 Li2O • 0.8 Na2O] 
• 0.67 SiO2 
424.3 
 0.7 
0.99  0.01 0.91  0.02 
1.00  
0.07 
5L5NS 
0.33 [0.5 Li2O • 0.5 Na2O] 
• 0.67 SiO2 
420.4 
 0.3 
1.14  0.01 1.01  0.02 
1.14  
0.02 
LS 0.33 Li2O • 0.67 SiO2 
468.5 
 0.5 
0.76  0.01 0.73  0.02 
0.66  
0.03 
NAS 
0.25 Na2O • 0.05 Al2O3 • 
0.70 SiO2 
511.3 
 0.2 
- - 
0.82  
0.04 
 
 
Table 7-2: Comparison of thermally stimulated current peaks of each glass type with 
150V applied externally. 
Glass 
Type 
Peak I 
Temp 
[°C] 
Peak I  
Ea [eV] 
Peak II 
Temp 
[°C] 
Peak II  
Ea [eV] 
Peak III 
Temp 
[°C] 
Peak III  
Ea [eV] 
NS 30 0.65 203 1.02 369 1.38 
2L8NS 33 0.66 298 1.23 366 1.38 
5L5NS - - 335 1.31 364 1.37 
LS - - 228 1.08 367 1.38 
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Table 7-3: Numerical parameters of various 1s core level XPS spectra. Binding energy 
(B. E.) and full-width at half-maximum (FWHM) in eV and area percent for each sample. 
Sample Component B.E. [eV] FWHM [eV] Area % 
Virgin O 1s O-Si 533.0 1.8 81% 
Virgin O 1s O-Ca 531.8 0.9 5% 
Virgin O 1s O-Na 531.1 1.2 14% 
Anode O 1s O-Si 532.7 1.5 96% 
Anode O 1s Na2CO3 531.0 1.3 4% 
Cathode O 1s O-Si 532.9 2.9 58% 
Cathode O 1s Na2CO3 532.0 1.4 42% 
Virgin C 1s C-C sp2 284.4 0.7 13% 
Virgin C 1s C-C sp3 285.6 1.2 47% 
Virgin C 1s C-O 286.9 2 31% 
Virgin C 1s C=O 289.7 1.8 9% 
Anode C 1s C-C sp2 283.6 0.6 7% 
Anode C 1s C-C sp3 284.6 1.5 60% 
Anode C 1s C-O 286.4 1.2 22% 
Anode C 1s C=O 287.8 1.8 10% 
Cathode C 1s C-C sp2 284.3 0.6 44% 
Cathode C 1s C-C sp3 284.8 1.3 26% 
Cathode C 1s C-O 286 2.9 21% 
Cathode C 1s C=O 290 2.1 9% 
Virgin Na 1s Na-O 1072.3 1.5 100% 
Anode Na 1s Na-O 1071.7 1.6 100% 
Cathode Na 1s Na-O 1072.1 1.6 100% 
  
160 
 
Table 7-4: Surface compositions of NS after poling with 100 V and unpoled NS glass 
including carbon contamination. 
at% 
Glass/Anode 
Surface 
Glass/Cathode 
Surface 
Virgin Coating 
Removed 
Si 18.98 0.38 14.58 
O 44.37 17.28 40.34 
Na 0.44 6.45 9.47 
Ca 0.65 0.12 1.65 
F 1.45 0 0 
C 34.12 75.77 33.95 
Sum 100.01 100 99.99 
 
Table 7-5: Surface compositions following poling with 100 V excluding carbon and 
calcium contamination from surface paste. Theoretical sodium disilicate composition is 
added for comparison. 
at% 
Glass/Anode 
Surface 
Glass/Cathode 
Surface 
Virgin Coating 
Removed 
Theoretical NS 
Si 22.67 30.13 1.59 22.3 
O 62.6 69.18 71.67 55.7 
Na 14.73 0.7 26.74 22 
Sum 100 100.01 100 100 
Na/Si 0.02 16.84 0.65 0.99 
O/Si 2.34 45.13 2.77 2.5 
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Figure 7-1: Time dependence of current density (black line) through NS glass sample 
with 150V applied during heating at 10°C/min. The current density peaks are indicated 
by red arrows. Accumulated charge flow (red line) was observed to surge around 0.1 C. 
Note: There is an axis break for integrated charge where it appears to be constant but it 
still increasing with time. 
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Figure 7-2: Thermally stimulated current density in NS glass as a function of 
temperature, under different voltage ranging from 100 V to 200 V. Applied pressure = 1 
MPa. Note: Large surge in current density due to dielectric breakdown of samples. 
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Figure 7-3: Time variation of a) accumulated charge density through NS glass along with 
the transition from region II to III indicated by the dashed line and b) area-specific 
capacitance to electrical breakdown of the samples under different voltage as indicated. 
a) 
b) 
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Figure 7-4: Current density through different glasses as a function of temperature. All 
samples were subjected to 150V and 1 MPa pressure. 
 
 
Figure 7-5: Arrhenius plot of thermally stimulated poling current through 5L5NS glass 
with 150V applied during constant heating at 10°C/min. The linear fit portion yields 
activation energy for alkali ion migration. 
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Figure 7-6: Comparison of accumulated charge density flow to breakdown in four 
different glass compositions with 150V applied. Note: Charge density flow corresponds 
to current measurements in Figure 7-4. 
 
Figure 7-7: Heating rate dependence of thermally stimulated current densities of LS with 
150V applied at 10℃/min or 5℃/min. 
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Figure 7-8: Frequency dependence of current density for a) NS and b) 5L5NS 
glass compositions during heating at 10°C/min for EFIS with 150 V. 
a) 
b) 
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  a) 
b) 
Figure 7-9: Frequency dependence of charge density for a) NS and b) 
5L5NS glass compositions during heating at 10°C/min for EFIS with 150 
V. Charge density was calculated from the integral of current density. 
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Figure 7-10: Frequency dependence of power density dissipation for a) NS and 
b) 5L5NS glass compositions during heating at 10°C/min for EFIS with 150 V. 
a) 
b) 
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Figure 7-11: Frequency dependence of electrical conductivity for a) NS and b) 
5L5NS glass compositions during heating at 10°C/min for EFIS with 150 V. A 
model Jonscher sum of AC and DC contributions to overall electrical conductivity 
are added for comparison as dashed lines. 
a) 
b) 
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Figure 7-12: Activation energy calculated by the initial Arrhenius rise of electrical 
conductivity with respect to AC frequency for both NS (black, squares) and 5L5NS (red, 
circles) glass compositions. 
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Figure 7-13: NS125V EDS line scan of the glass near the anode. An alkali ion depletion 
layer was measured to be roughly 60 µm thick. Note: Oxygen (green), silicon (purple), 
sodium (blue) and carbon (red). 
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Figure 7-15: NS 150V EDS line scan of the glass near the anode (electrode located left of 
dashed line). An alkali depletion layer of 160 µm was measured. The region closest to the 
anode is beveled indicated preferential polishing post-mortem. 
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Figure 7-17: Secondary electron images of NAS after EFIS with 200 V and 1 MPa 
applied where a) is a representative image of the anode (right) /glass (left) region and b) 
is an overlay of Na intensity (green) taken from an EDS map. Note: The yellow arrow 
indicates a semicircular cavity of interest. 
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Figure 7-19: EDS line scan across optically brown region corresponding to a sodium-rich 
composition. 
Figure 7-18: NS 175V EDS line scan of the glass near the cathode. An accumulation 
of alkali was not measured by EDS. Note: Linescan intensity x1000. 
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Figure 7-20: EDS line scan across the a) anode electrode and b) cathode electrode. Note: 
Oxygen (yellow), Sodium (Green), Silicon (Purple). 
a) b) 
Figure 7-21: EDS line scan for NS 150V stopped in Region II corresponding to alkali 
ion migration. EDS did not detect a discreet depletion layer. Porosity was not observed 
in the glass near the anode. 
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Figure 7-22: Survey spectra of binding energy from NS glass prior to and post poling. 
Spectra compare virgin glass composition (green) to the modified anode (black) and 
cathode (red) compositions. 
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Figure 7-24: High resolution peak analysis of O 1s for a) virgin, b) anode and c) cathode 
glass surfaces which has been deconvoluted into various identified components with their 
cumulative fit. 
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Figure 7-25: High resolution peak analysis of Na 1s for a) virgin, b) anode and c) cathode 
glass surfaces which has been deconvoluted into various identified components with their 
cumulative fit. 
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Figure 7-26: High resolution peak analysis of C 1s for a) virgin, b) anode and c) cathode 
glass surfaces which has been deconvoluted into various identified components with their 
cumulative fit. 
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Figure 7-27: Current density (black) decay of a) LS, b) LS repeat and c) 5L5NS 
during application of 150V held at a furnace temperature of 250°C. The amount 
of calculated charge flow (red) is also shown for each run. Note: Gain of 
current amplifier was saturated at the start of a) LS. 
 
a) 
b) 
c) 
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Figure 7-28: Infrared image of LS prior to being poled. The rectangular glass sample is 
located in the middle of the image while the anode is at the top and cathode is at the 
bottom of the image. 
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a) 
b) 
c) 
Figure 7-29: Temporal plots of a) LS, b) LS Repeat and c) 5L5NS during 
application of 150V held at a furnace temperature of 250°C. Temperature 
measurements were taken from multiple areas of the sample for comparison. 
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Figure 7-30: SIMS depth profile for a) LS, b) 5L5NS and c) 7Li+ for each of 
the three samples tested with two areas per sample (dashed lines for unpoled 
values). The alkali ion depletion layer was measured to be approximately 1 
micrometer thick and indicated by the dashed lines in a) and b). 
a) 
b) 
c) 
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Figure 7-31: SIMS depth profiles of a) 18O- and b) 1H- ions normalized to the Si- signal 
to a depth of 2.5 µm from the anode/glass interface. Surface roughness of the glass may 
result in variation of values at the interface. 
  
a) 
b) 
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Chapter 8: Mechanism of electric field-induced softening of glass 
This chapter focuses on identifying the underlying mechanisms of EFIS through the 
additional resource of modeling. It is known from electro-thermal poling studies of 
Chapter 6 and from the thermally stimulated current density observations described in 
Chapter 7 that the alkali ion depletion layer has a major impact both electrically and 
compositionally on EFIS. As discussed earlier, the depletion layer is highly resistive 
resulting in almost the entirety of the applied voltage dropping across this thin layer. The 
formation of the depletion layer was modeled using finite element analysis to calculate 
electrical properties and kinetics. Infrared imaging was used to experimentally measure 
the self-heating of glass samples from the resistive heating of this layer. Finite element 
analysis calculated the dependence of thermal runaway of EFIS on initiation temperature 
as well as depletion layer thickness. Next, the observed photoemissions mentioned in 
Chapter 5 are studied in detail and related to dielectric breakdown of the depletion layer 
by thermal runaway and charge injection. 
8.1 Finite element analysis of alkali migration 
The current profile during EFIS associated with alkali ion migration in region II of 
Figure 7-1 has already been discussed in the previous chapter in relation to the formation 
of alkali ion depletion layer. Here, we model this layer using finite element analysis 
(FEA). The goal is to calculate the depletion layer thickness as a function of sample 
temperature and time. The calculated values are then compared to experimentally 
measured values for validity. It is expected that the alkali ion depletion layer grows to a 
thickness of around 100 to 200 nm during EFIS prior to dielectric breakdown similar to 
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electro-thermal poling in Figure 6-14. Following breakdown, resistive heating enhances 
alkali mobility allowing for the creation of a larger depletion layer thickness of up to 50 
µm as observed in EDS such as Figure 7-13. 
8.1.1 FEA model setup 
FEA calculations used Comsol version 5.2.0.220 software. For simplicity, the charge 
carrier modeled the glass sample as a weak electrolyte system.[123] The electric currents 
AC/DC module was used with the Nernst-Planck weak electrolyte module. One domain 
was created representing the bulk properties of the parent NS glass composition.  
This FEA contains two limitations for depletion layer formation calculations. First, 
charge neutrality must be maintained throughout the entire length of the system at each 
element. Therefore, no space charges can form within the domain. This results in other 
constituent ions becoming much more mobile than in real glass systems to account for the 
motion of sodium in the weak electrolyte model. The second limitation arises from the 
weak electrolyte assumption itself which treats the ions as fully dissociated rather than 
accounting for the glassy network structure ultimately affecting ionic mobility. 
The electrical conductivity of the glass was defined as both temperature and 
compositionally dependent. This was done to ensure that as the alkali ion depletion layer 
formed, the electrical conductivity would reflect the corresponding modification of the 
glass.[2] Note that the activation energy of each glass composition increases with 
decreasing alkali. To reflect this, an exponential fit was applied to 48 binary sodium 
silicate glass compositions of varying alkali content.[124] The electrical conductivity 
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dependencies are shown in Appendix C: Part 1 for a Na2O mol% ranging from 0 to 50 
and a temperature range of 100°C to 350°C. The initial starting concentrations of ions 
were 25870, 65450 and 26350 mol/m3 for Na+, O2- and Si4+, respectively. 
The domain consisted of two boundaries. The left boundary was designated as the 
anode with a constant voltage of 200 V applied using an electric potential boundary 
condition. The right boundary was set as the cathode where ground potential was 
established. Current conservation was used at every element to maintain the same current 
throughout the entire domain. A global element constraint was added to each element 
where the concentration of sodium was not allowed to be negative. Both boundaries were 
set to not allow a flux of ions into or out of the system acting as blocking electrodes. A 
cross sectional area of 25 mm2 was used to match those used in EFIS experiments. The 
initial furnace temperature ranged from 100°C to 350°C in 50°C intervals. 
Two element meshes were used for charge carrier simulations. First, the region of 
interest is located within 1 µm of the left boundary where the voltage is applied. Here, a 
mesh density was used as 1 element/nm. Beyond 1 µm from the anode, the rest of the 
domain was meshed using Comsol’s default ‘extra fine mesh’ giving a mesh density of 
about 2 elements/mm. All charge carrier simulations were tested from 0 to 20 s with 1 s 
intervals. This time range was chosen to match the τfast relaxation time constants 
measured by electro-thermal poling in Chapter 6, and attributed to alkali ion migration.  
The main equation used to calculate the time dependence of ionic mass transport by 
diffusion and migration is described by the Nernst-Planck relation: 
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𝛿𝑐𝑖
𝛿𝑡
=  𝛻(𝐷𝑖𝛻𝑐𝑖 + 𝑍𝑖𝑢𝑚𝐹𝑐𝑖𝛻𝑉)  (Equation 8-1) 
where Ci is the concentration of ionic species [mol/m
3], Di is the diffusion constant 
related to the ionic species in NS glass [m2/s], Zi is the charge number of the ion, um is 
the ionic mobility [mol/m2.s], and ∇V is the gradient of the voltage [V/m]. A more 
detailed explanation of the equations used to calculate both mass transport and current 
density throughout the finite element model is presented in Appendix C: FEA model 
equations: Part 1. 
8.1.2 FEA results 
With the application of 200 V at the left domain boundary, finite element calculations 
show the migration of sodium ions within the weak electrolyte system from anode to 
cathode. The formation of an alkali ion depletion layer is shown in Figure 8-1a as sodium 
concentration versus distance from the anode. The sodium profile is shown in one second 
intervals for up to 20 s of poling. Since the electrical conductivity was set to reflect 
change in composition, the corresponding electrical conductivity of the depletion layer is 
shown in Figure 8-1b. This behavior was representative for all temperatures. As a result 
of the change in electrical conductivity i.e. resistivity, almost the entirety of the poling 
voltage drops across the depletion layer in the model. An increase in temperature between 
simulations also increased the depletion layer thickness as seen in Figure 8-2a. The 
midpoint of sodium concentration was chosen to calculate the depletion layer thickness. 
After 20 s at 100°C the depletion layer thickness was about 10 nm whereas at 350°C the 
midpoint depletion layer thickness was nearly 70 nm. The resulting increase in the 
depletion layer/bulk interfacial thickness is shown in Figure 8-2b. Here, the width of the 
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interface was defined from a sodium concentration of 90% to 10% of the bulk values 
(concentrations indicated by horizontal dashed lines) and increased with temperature. The 
midpoint halfwidth is defined as the midpoint minus half of the interface width. 
The current density within the model is calculated from the cumulative mass transport 
of migration and diffusion of ions. The time dependence of current density is shown in 
Figure 8-3 as current density decay. The temperature dependence of the current density 
decay is also shown in Figure 8-3. At higher temperatures, the current density decay 
becomes greater corresponding to the formation of thicker depletion layers. An 
interesting feature of Figure 8-3 is that the current density at the start of both 100°C and 
150°C did not decay immediately, but only after a finite latent period. 
8.1.3 FEA discussions 
The simulated depletion layer profiles such as the one of NS at 200°C in Figure 8-1a 
contain several important features regarding their formation process. First, the shape of 
the depletion layer profile reveals the competition between alkali migration versus back-
diffusion. The midpoint of the interface (50% of bulk Na+ concentration) between the 
depletion layer and the bulk indicates the amount of alkali migration. This is a 
displacement of concertation due to the presence of an electric field. However, due to the 
depletion of alkali ions, the concentration gradient across the interface becomes large 
driving back-diffusion to occur. This gives the characteristic interfacial shape similar to 
the letter ‘S’ or more formerly known as a sigmoidal curve. Due to the sigmoidal shape 
of the interface and sharp dependence of electrical conductivity on composition, a 
shoulder is developed in the electrical conductivity profile as seen in Figure 8-1b.  
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Secondly, since these simulations assumed isothermal conditions, the depletion layer 
thickness after 20 s strongly depends on temperature as shown in Figure 8-2a, where the 
50% of the bulk sodium concentration continually increases with temperature. These 
values of depletion layer thickness are smaller than those measured by ToF-SIMS for 
electro-thermal poling in Figure 6-14. However, this difference is expected since the 
calculated depths were only for 20 s whereas for poling the depth was measured after 2 
hours. Also, at higher temperatures, the sigmoidal shape of the depletion layer/bulk 
interface stretches to larger depths indicative of the amount of enhanced back-diffusion as 
illustrated in Figure 8-2a. It is highlighted further in Figure 8-2b by the increasing 
interface width interface. Using this profile width, presumably dominated by diffusion, 
we can attempt to extract the more drift dominated portion of the depletion layer by 
defining a Diffusive Depletion Layer width and the midpoint (50%) DL width minus half 
of the 90-10% width, essentially approximating the region of low concentration. This 
width is referred to as midpoint-halfwidth. These characteristic widths are displayed in 
Figure 8-2b and all increase with temperature, although the drift component represented 
by the midpoint-halfwidth estimate of the DL does indeed suggest a slowing or self-
limiting to that measure. 
The next feature reveals the kinetics of depletion layer formation as a function of 
time. The lines in Figure 8-1a show the depth profile in 1 second interval. The spacing 
between successive interval decreases with time indicating a self-decelerating process. 
This observation is supported by both the decay in current density of Figure 8-3 and 
explained by the increase in resistance of the depletion layer in Figure 8-1b as the 
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geometrical factors increase. At the start of the depletion layer formation process the 
electrical conductivity is uniform through the entire sample. As the composition of the 
depletion layer changes due to migration and diffusion processes the corresponding 
electrical conductivity decreases dramatically (see Appendix C: Part 1). The resistivity of 
the depletion layer increases nearly eight orders of magnitude which begins to limit the 
current through the model. The current limiting process is revealed by the current density 
evolution in Figure 8-3. In return, the limited current reduces the amount of ionic mass 
transport ultimately reducing the rate of depletion layer growth. 
The current density decay calculations of Figure 8-3 appear to behave similarly to the 
current density measurements of electro-thermal poling of Figure 6-8a within 20 s. 
Comparison of the calculated current density with measured values were done for the 
150°C and 250°C temperatures for NS and LS. At 150°C the starting current density of 
Figure 8-3 was calculated to be 1100 µA/cm2 while after 20 s of poling it dropped to 47 
µA/cm2. For comparison at 150°C during electro-thermal poling measurements of Figure 
6-8a the starting current density was 1860 µA/cm2 which decayed down to 880 µA/cm2. 
The calculated and measured starting current density values agree well. However, the 
finite element model predicts a more severe decay process. The discrepancy between 
calculated and experimental current density decay is due to a large drop off in 
conductivity as alkali content decreases to zero (see Figure C-1). In the ToF-SIMS 
measurements of electro-thermal poling it is shown that although alkali content within the 
depletion layer is reduced compared to the bulk, it is still present on the impurity level 
which has a higher conductivity than zero alkali content. A second factor could 
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potentially be due to the weak electrolyte model assuming all alkali ions are dissociated 
and mobile without accounting for the network structure. A second example between NS 
and LS was used for comparison at 250°C. It is believed that this comparison is valid 
since both NS and LS have similar electrical conductivity and activation energies values 
along with similar network structure. At 250°C the starting current density of Figure 8-3 
was calculated to be 26,000 µA/cm2 while after 20 s of poling it dropped to 150 µA/cm2. 
For comparison at 250°C during poling of Figure 7-25b the starting current density was 
27,000 µA/cm2 which decayed down to 2,000 µA/cm2. Again, the starting current density 
values are in good agreement, however, the finite element model predicts a stronger 
decay than measured experimentally. 
An interesting feature of current density for 100°C and 150°C in Figure 8-3 is the 
calculated plateau at the start of the simulation. For 100°C, the plateau continued for 18 s 
while at 150°C the plateau lasted only for 3 s. The depth profile of Na+ concentration 
explains this feature. The corresponding depletion layer thickness for these simulation 
times is about 5 nm to the midpoint. Therefore, a thickness of about 5 nm, the resistance 
of the depletion layer begins to impede current flow and begins the self-decelerating 
process. Although the resistivity is large within the depletion layer, the thickness is small 
making the overall resistance of the depletion layer negligible compared to the bulk. 
Upon growth at and beyond 5 nm the geometrical factor makes the resistance of the 
depletion layer be comparable or much larger than that of the bulk. The increase in 
resistance follows Ohm’s law and in return reduces the current at constant voltage. 
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8.2 Anion migration 
It is necessary to identify the charge carriers prior to electrical breakdown to fully 
understand the mechanisms of EFIS. From Figure 7-4, it is interesting to note that the 
current measurements following the current density peak in region II level off to a plateau 
between regions II and III, which is constant irrespective of glass composition. To 
determine the origin of this plateau as ionic or electronic, two samples of 2L8NS were 
tested with 150 V applied at the start of each run. The first sample was heated at 
10°C/min until breakdown occurred (Run 1). A second sample was heated to 420°C at 
10°C/min and held isothermally (Run 2). A comparison of the thermally stimulated 
currents from both runs are shown in Figure 8-4 as a function of time with the 
corresponding furnace temperature indicated by the dashed lines. An isothermal hold at 
420°C was chosen since that furnace temperature was higher than the current density 
peak in region III but was still within the plateau region of the current density prior to 
breakdown. During the isothermal hold of Run 2, the current was observed to decay as 
for Run 1 in the same temperature range of Figure 8-4. Nonetheless, the sample still 
experienced electric breakdown after a accumulated charge density of 0.38 C/cm2 had 
passed. By comparison, this value was 0.43 C/cm2 for Run 1 indicating a comparable 
accumulated charge density necessary for electrical breakdown. 
Figure 7-3 shows that both the accumulated charge density and area-specific 
capacitance increase with temperature following the exhaustion of cations. These should 
remain constant rather than increase if all charge carriers have migrated. The current 
density in region III appears to plateau (rather than decrease) for all compositions and 
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voltages as observed in Figure 7-2 and Figure 7-4 prior to dielectric breakdown. These 
observations raise questions about the alkali ions as being the only charge carriers. So, 
the nature of the charge carriers was investigated using an isothermal hold as shown in 
Figure 8-4 for 2L8NS. It was speculated that if the charge carriers were electronic, the 
current density would remain constant and if ionic, the current density would decay to a 
negligible value. From Figure 8-4, we find that the current density decreased during the 
isothermal hold (Run 2) as compared to the constant heating condition (Run 1). It was 
originally hypothesized that a decrease in current density during an isothermal hold was 
the result of an ionic depletion of charge carriers which would not be the case during 
electronic charge injection within a large internal field. This indicates that the charge 
carriers prior to dielectric breakdown are not sustained by the large internal electric field 
within the depletion layer. The current density decay during the isothermal hold reveals 
that the current limiting process is likely due to depletion of charge carriers from ionic 
migrations rather than electronic conduction. This analysis supports the idea that the 
current density peak within region III arises from either O-1 migration toward the anode 
as a result of electrolysis within the depletion layer or H+ injection from the anode in 
atmosphere [101,102,125]. Again, since the activation energy of the current density peak 
in region III lies between the activation energies of these processes it could be a 
combination of the two. 
Just prior to breakdown, the accumulated charge density was measured to vary 
between 0.3 to 0.6 C/cm2 within the voltage range tested for all compositions (see Figure 
8-5).  The inflection observed in charge density of Figure 7-3a near the 1,250 s x-axis 
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mark corresponds to the decay of current density associated with alkali ion conduction. 
The accumulated charge density associated with the formation of the alkali ion depletion 
layer in electro-thermal poling with the same glass compositions range from 0.015 C/cm2 
to 0.04 C/cm2 [125]. The accumulated charge density just prior to breakdown in EFIS is 
an order of magnitude larger than the charge density for the formation of an alkali ion 
depletion layer in electro-thermal poling. It is believed that the charge carriers in region II 
are cations migrating toward the cathode due to the well matching activation energies 
between DC conduction and the initial current rise of this region, as discussed earlier. 
Following the inflection point, the charge transport mechanism changes due to cations 
being exhausted from the anode region. Anion migration within the depletion layer 
toward the anode is thought to occur due to the presence of cavities found during SEM 
analysis. The migration of anions would require a higher activation energy compared to 
cation migration to maintain the charge compensation until electric breakdown of the 
layer begins [100]. It is likely that proton injection also accompanies this process. For 
example, the accumulated charge density prior to breakdown for NS with 150 V applied 
was 0.39 C/cm2. A depletion layer thickness of 200 nm was assumed to be similar as that 
measured during electro-thermal poling with a sodium ion concentration of 
approximately 2.5x1022 ions/cm3 [125]. This gives a total charge displacement of 0.08 
C/cm2 which is about 20% of the accumulated charge density at breakdown for NS. 
Therefore, additional processes account for the charge transfer process such as mobile 
electronic charge carriers and oxygen anions from within the alkali ion depletion layer 
199 
 
[32,101]. The decrease of current density during the isothermal hold of Figure 8-4 
supports that anion migration occurs within region III due to anion depletion. 
From Figure 7-2 and Figure 7-4 the current density peak of region III remains 
constant when measurable irrespective of applied voltage or composition. The lack of 
alkali ratio dependence of the peak in region III also suggests anion migration and/or 
proton injection since the number of NBOs and network structure are similar among the 
disilicate compositions [2]. The lack of voltage dependence suggests it depends on the 
internal electric field within the depletion layer. Anion migration has been reported to 
occur once the alkali ion depletion layer is devoid of mobile cations and a large internal 
electric field across the layer has been established [6,28,53,101]. A correlation between 
charge density and anion migration was identified using Raman spectroscopy. This 
technique showed that as charge density during poling increased, the amount of dissolved 
O2 within the depletion layer increased as well [101]. This correlation has been attributed 
to a two-step process of anion migration of the O-1 ions. The first step is the 
recombination of NBOs to form both a BO and an interstitial O-1 ion while the second 
step is the recombination of two interstitial oxygen ions to form molecular oxygen while 
migrating toward the anode [101]. 
8.3 Dielectric breakdown 
Region IV of Figure 7-1 is associated with dielectric breakdown leading to thermal 
runaway within the depletion layer, ultimately leading to EFIS of glass. This situation 
arises when resistive (Joule) heating within the glass is greater than heat dissipation into 
the electrodes or radiation into the atmosphere. Joule heating is determined by the power 
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dissipation density (P) within the glass according to P=(i2*R)/(a*d)=σ*E2 where i is 
current [A], R [Ω] is the resistance, a is cross sectional area [cm2], d is sample thickness 
[cm], σ is electrical conductivity [S/cm] and E is the electric field [V/cm]. The electrical 
conductivity of an ionic conductor is exponentially (Arrhenius) dependent on sample 
temperature. As discussed above, almost the entirety of the poling voltage drops across 
the thin depletion layer after its formation [32,125]. Therefore, the relevant electric field 
is the very high localized field across the depletion layer rather than the nominal external 
electric field across the bulk of the glass. The power dissipation from Joule heating forms 
a positive feedback loop, which results in a thermal runaway behavior. For example, as 
the furnace heats the glass the electrical conductivity within the already alkali depleted 
layer increases with sample temperature allowing for an increase in current. The 
incremental increase in current leads to enhanced Joule heating which further increases 
the electrical conductivity and so on. 
Dielectric breakdown leading to high currents as observed in region IV dictates the 
sample temperature at which glass softens with an applied voltage. The voltage 
dependence of accumulated charge density is shown in Figure 7-3a. The abrupt surge in 
charge density is a result of dielectric breakdown of the glass [64,65]. As applied voltage 
is increased from 100 V to 200 V, there is an increase in accumulated charge density 
prior to breakdown by nearly 30% as shown by Figure 7-3a. While accumulated charge 
density at the onset of EFIS or breakdown increases with applied voltage, the time to 
dielectric breakdown is observed to decrease. Since the furnace is heated at a constant 
rate, a decrease in time to breakdown correlates with a decrease in furnace temperature to 
201 
 
breakdown as well. The influence of alkali ion ratio (sodium to lithium) is demonstrated 
in Figure 7-6 with an applied voltage of 150 V. This trend matches well with the 
resistivity of each glass composition with NS being the least resistive and 5L5NS being 
the most resistive. Therefore, as the resistivity of glass increases, the amount of charge 
density decreases, postponing the dielectric breakdown to longer times. As mentioned 
above, the inflection of charge density is associated with a change in charge carriers from 
alkali cations to oxygen anions and/or protons. These processes maintain the large 
internal electric field at higher furnace temperatures between regions II and III.  
The accumulated charge density at electrical breakdown is defined as the threshold 
value just prior to the surge in Figure 7-3 and Figure 7-6. These values are summarized 
and compiled in Figure 8-5 with respect to applied voltage. There is large scatter in data 
for the limited number of samples due to the statistical nature of breakdown [63]. 
Notwithstanding, the accumulated charge density at breakdown appears to increase with 
applied voltage, as indicated by the slope of the line least square fitted to the data for NS 
glass in Figure 8-5. For example, the accumulated charge density to breakdown for NS 
with 100 V applied was about 0.40 C/cm2 whereas for NS with 200 V was up to 0.55 
C/cm2. This is an increase in accumulated charge density at breakdown by 37%. A 
positive trend is observed for 2L8NS and 5L5NS as well. 
It should be noted that dielectric breakdown is a stochastic process which depends on 
sample flaws and surface asperities rather than a material property strictly. Therefore, 
these data contain large experimental error and only rough conclusions can be drawn. 
Within this disclaimer, the trend appears to be that as the applied voltage is increased, 
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additional charge transfer occurs before breakdown of the sample. An increase in 
accumulated charge density at breakdown by 37% was observed between an applied 
voltage of 100 V to 200 V. This can be explained by additional charge transfer due to an 
increase in depletion layer thickness. This layer thickness is modeled by von Hippel et. 
al. to be proportional to the square-root of the voltage holding the other parameters 
constant as discussed in Equation 1-2 [40,69]. An increase of voltage from 100 V to 200 
V would be proportional to an increase of the depletion layer by √2. This increases the 
amount of charge provided from alkali ion migration by the same factor. An observation 
that supports this is seen in Figure 7-3a. Here, the inflection of current density increases 
with voltage and is associated with the formation of the alkali ion depletion layer. 
Beyond the inflection point, the slope of the charge density until breakdown remains 
similar for various voltages. This indicates that the additional charge density as voltage is 
increased results from the region II process instead of region III. 
8.3.1 Photoemissions spectra 
In EFIS experiments photoemissions are often observed in the glass near the anode as 
revealed in Figure 5-13. The photoemission spectra give a detailed insight into the 
mechanism involved into dielectric breakdown of region IV. As previously mentioned in 
the DC case, photoemissions were observed to originate within the glass closest to the 
anode. For AC, photoemissions were seen within the edges of the glass closest to both 
electrodes. It is believed that the photoemissions in AC oscillate with frequency. 
The photoemission spectra for NS and 2L8NS are shown in Figure 8-6. The 
photoemission spectra for the two compositions are similar, with a broad background in 
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the visible and near-infrared region and several sharp characteristic peaks. All samples 
show an intense emission peak at ~589 nm (labeled C). In the presence of lithium, in 
2L8NS, two additional peaks at 611 (E) and 671 (G) nm are observed. The peak energies 
match very well with the electron energy level transitions for the alkali ions, as in 
Grotrian diagrams provided by NIST.[126] The sharp peaks suggest photoemission from 
gaseous species as opposed to electroluminescence reported for stage III flash sintering of 
yttria stabilized zirconia as exciton recombination.[127] A comparison of the 
photoemission peaks is presented in Table 8-1 for NS and 2L8NS with 200 V applied. An 
impurity peak located at 767 nm is identified using EDS as due to potassium that is 
present as an impurity similar to that has been seen in the spectra of high pressure sodium 
vapor lamps.[128–130] The observed photoemission peaks follow a behavior similar to 
breakdown conduction in Al-SiO-Al, Al-SiO-Ni and Al-MgF2-Al capacitors.[70]  
A series of photoemission spectra from LS with 200 V applied are shown in Figure 
8-7 collected by a spectrometer at four time intervals each being 200 ms apart. The 
spectrometer started collecting photoemission spectra at ‘t=0’ which was within region 
III of current density of Figure 7-1. Electric breakdown began within the first 200 ms 
interval between ‘t=0’ and ‘t=200 ms’, where large current densities typical of region IV 
began to pass through the entirety of the sample. The current density increased as the 
spectra marked ‘t=400 ms’ and ‘t=600 ms’ were captured. These spectra have the same 
features as seen in Figure 8-6. In particular, they again exhibit characteristic emission 
peaks at 460.2, 588.8, 609.9 and 671±0.2 nm, superimposed on a large broad 
background. Joule heating is known to occur during dielectric breakdown and therefore 
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blackbody radiation is expected. However, the characteristic peaks correspond very well 
to alkali ion energy level transitions similar to Table 8-1, and what appears to be 
bremsstrahlung radiation as a broad background [103]. The characteristic peaks in Figure 
8-7 located at 460.2, 588.8, 609.9 and 671.0 0.2 nm are attributed to the electron energy 
level transitions of Li+ 4d to 2p, Na+ 3p to 3s, Li+ 3d to 2p and Li+ 2p to 2s orbitals, 
respectively [126]. The sodium peak is from impurities found in the glass batch powders. 
The spectral distribution of the broad background observed in the photoemissions 
satisfies two main criteria for bremsstrahlung radiation: first, there is a short-wavelength 
limit (SWL) and second, the wavelength of the maximum intensity is approximately 1.5 
times larger than the SWL [131]. Contrary to expectation, the observed photoemissions 
were not polarized in the perpendicular direction of the electric field toward the 
spectrometer. However, polarized bremsstrahlung radiation is expected only from 
extremely thin target samples [131]. The data from the spectra in Figure 8-7 gives the 
SWL of the bremsstrahlung radiation as ~350 nm, giving a maximum energy for a single 
collision event to be approximately 3.5 eV. The sudden rise in current in the glass 
appears as dielectric breakdown where charge carriers are injected from the anode into 
the glass. This energy is only about 60% of the energy band gap for the sodium disilicate 
glass composition at 5.8 eV.[132] Since dielectric breakdown occurs in the depletion 
layer, the energy required for intrinsic breakdown would need to be much higher around 
8 eV (for pure silica).[133] Therefore, the mechanism for dielectric breakdown is not an 
intrinsic electron avalanche which requires the same or greater energies as the band gap 
for initiation.[68,71] 
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The charge carriers injected from the anode into the glass would likely be holes. 
Bremsstrahlung radiation is indicative of charge carriers undergoing deceleration in the 
Coulombic field of the atoms.[134] The current spikes of Figure 7-2 are believed to be 
related to an electron avalanche breakdown process.[70] The voltage dependence of the 
SWL is given by the Duane-Hunt law as follows [131,135]:  
𝜆𝑆𝑊𝐿 =
ℎ𝑐
𝑒𝑉
     (Equation 8-2) 
where λSWL is the short-wavelength limit [m], h is Planck’s constant [J.s], c is the speed of 
light [m/s], e is the charge of an electron [C] and V is the voltage [V]. For example, if the 
entirety of the applied voltage (say, 100 V) determined the maximum energy of a charged 
particle then the SWL should be 12.4 nm. This should be reducing to 6.2 nm for 200 V 
applied. However, as seen in Figure 8-7, the SWL is 350 nm and this limit occurs 
irrespective of applied voltage. The measured SWL of 350 nm is an order of magnitude 
larger than expected using the Duane-Hunt law with the range of voltages (100 V to 200 
V) used for EFIS. A SWL of 350 nm corresponds to a voltage of 3.54 V. It is believed 
that the applied voltage drops across three parts of the sample. First, approximately 3.54 
V drops across the electrode/glass interface resulting in charge injection from the anode. 
The majority of the applied voltage then drops across the highly resistive alkali ion 
depletion layer while the remainder is across the bulk of the glass. These calculations 
assume that the kinetic energy of an electron is completely converted into one photon per 
electron [131]. The observed photoemissions support electronic conduction for dielectric 
breakdown [70]. Since charge injection occurs at the anode, hole injection is the likely 
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mechanism. Bremsstrahlung radiation occurs from charge particle interactions with ions 
from electronic injection and conduction within or near the depletion layer. 
The dielectric strength of various glasses are known to decrease with increase in 
sample temperature due to thermal dielectric breakdown as demonstrated in Figure 1-9 
[63,67]. Therefore, the dielectric strength of the depletion layer should also decrease with 
temperature. This is important since it reveals that eventually the constant internal 
electric field strength will exceed the temperature dependent dielectric strength resulting 
in breakdown.  
Additionally, the photoemissions were always observed in the glass near the anode. 
Dielectric breakdown for thin SiO2 has been proposed using the anode hole injection 
model consisting of two steps [95]. The first step comprises slow degradation due to 
electrical stresses, while the second step produces thermal run-away leading to 
conductive pathways through the material [94,95]. For SiO2 thicker than 10 nm the 
injected-hole fluence should be approximately 0.1 C/cm2 to produce breakdown [95]. We 
propose a similar breakdown process during EFIS. The thin alkali ion depletion layer is 
thought to behave similarly to SiO2. Hole injection could eventually start an avalanche 
when the internal electric field exceeds the temperature dependent dielectric strength of 
the modified depletion layer composition. The accumulated charge density to breakdown 
was larger but of the same order of magnitude (Figure 8-5) as 0.1 C/cm2 as injected-hole 
fluence to breakdown in SiO2. The breakdown of the depletion layer leads to a surge in 
charge density of region IV where high current density is maintained through the glass 
producing photoemissions and Joule heating. The heat generated within the depletion 
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layer is then believed to transfer into the bulk of the glass leading to the observed EFIS of 
the entire glass sample. 
8.4 Joule heating 
In industry, Joule heating is used for melting and fining of glass.[136,137] This 
technique depends on glass resistivity and its temperature dependence. So, we ask if EFIS 
is simply due to Joule heating. 
Multiple videos of experiments showed evidence of fuming, which was accompanied 
by buildup of white powder on the push rods. The powder was observed on the 
compression hook near the anode as seen in Figure 8-8a. It was collected after an 
experimental run of 2L8NS with 200 V/cm and investigated using EDS where spot 1, 
Figure 8-8b, is indicated by the red crosshairs with its collected spectrum, Figure 8-8c. A 
second spot was analyzed in Figure 8-8d, again indicated by the red crosshairs with its 
collected spectrum in Figure 8-8e. The semi-quantitative compositions are given in Table 
8-2. They indicate that the powder from 2L8NS at 200V/cm was glass that had 
condensed on the surfaces after evaporation. No additional EDS peaks were observed 
outside of the glass composition. Evidently, high enough temperatures within the 
depletion layer next to the anode caused vaporization.[32,33] 
As a rough approximation, Joule heating can be estimated as the power dissipated 
within the sample during EFIS. The power dissipation can be estimated using the voltage 
across the sample with the current passed as follows: 
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𝑄 = ∫ 𝑣 ∗ 𝐼 𝑑𝑡
𝑡𝑓
𝑡𝑠
    (Equation 8-3) 
where Q is the thermal energy due to power dissipation [J], v is the voltage across the 
sample [V], I is the current [A], ts and tf are the start and finish times of EFIS [sec]. This 
assumes complete conversion of electrical energy into thermal energy. The thermal 
energy estimated from Equation 8-3 can then be used to calculate a corresponding 
temperature rise within the sample as simple heat transfer with the following relation: 
𝑄 = 𝑚 ∗ 𝐶𝑝 ∗ 𝛥𝑇    (Equation 8-4) 
where m is the mass of the sample [g], Cp is the specific heat capacity of the glass 
[J/g.K], and ΔT is the change in temperature from initial to final [K].  
For example, consider NS with 150 V DC applied. The power density for this test is 
shown in Figure 7-10a. The energy dissipated within the glass is estimated using 
Equation 8-3 and plotted in Figure 8-9 along with its corresponding increase in sample 
temperature beyond furnace temperature. The change in sample temperature was 
approximated from Equation 8-4 with a specific heat capacity of 1.15 J/g.K and a mass of 
0.5921 g.[138] There are two important features observed in Figure 8-9. First, the energy 
dissipation at the onset of EFIS increases in an exponential manner which is labeled as 
‘Thermal Runaway’. The second feature is a linear increase in energy dissipation which 
results from current limiting process imposed by the power resistor in series with the 
sample. The energy dissipation eventually levels off due to the applied voltage being 
removed. This rough approximation gives a limiting estimate of the sample temperature 
increasing by 2,500°C after two minutes of the limited thermal runaway heating. This 
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intense heating could account for softening and vaporization of the glass as seen in Figure 
8-8. However, this approximation assumes there is no heat loss and that the heat is 
generated uniformly throughout the sample. 
8.5 Infrared imaging 
In collaboration with Corning Incorporated the temperature of several samples from 
each glass composition were tested in situ under EFIS conditions with applied DC 
voltages ranging from 100 V to 200 V. A series of representative IR images are shown in 
Figure 8-10 of NS with 200 V during the thermal runaway process. (A video of the 
thermal runaway process can be found as supplemental material as ‘Video B 5L5NS 
200V’). These images show four distinct stages that the glass samples experience. All of 
the images were captured within 13 seconds during the video and reported along with 
recording time in Figure 8-10. At first, the glass begins to resistively heat near the anode 
in Figure 8-10a and is also displayed by temporal plots of the same sample in Figure 
8-11. The role of the depletion layer near the anode is clearly revealed by these plots. 
Here, within the first 30 s of large current passage in EFIS only localized regions of the 
glass near the anode are resistively heated. It is believed that the localized heating is 
stochastic and depends on surface asperities. This would lead to the non-uniform heating 
observed in both Figure 8-10 and Figure 8-11. Next, in Figure 8-10b, the positive 
feedback of thermal runaway builds up quickly causing intense heating of the glass 
located near the anode to above 1,300°C. Discharges within the anode are then observed 
in Figure 8-10c. It is seen in optical images such as Figure 6-15 that areas of intense 
photoemissions move around the anode region of the glass as seen in supplemental video 
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A. The same movement mimicked by the intense local heating of the glass are believed to 
be related. Lastly, the glass begins to soften locally as thermal conduction of the 
generated heat transfers into the bulk sample as seen in Figure 8-10d. 
An interesting feature was observed during an EFIS run on 2L8NS with 150 V 
applied. The IR video shows the growth of a dendrite-like phase from cathode toward the 
anode during the dielectric breakdown phase of the glass. This is highlighted in Figure 
8-12 by yellow circles. Upon removing the sample from the furnace, it was noted that the 
region in the video was optically brown. This is consistent with EDS measurements of a 
sodium-rich phase near the cathode as seen in Figure 8-12. It indicates that the migration 
of alkali ions was forming a short circuit through the bulk of the glass during dielectric 
breakdown. 
8.5.1 AC vs DC power dissipation 
The differences in softening temperature observed in Figure 5-9a and Figure 5-9b 
between DC and AC applied voltages are believed to be due to the power dissipation 
during EFIS for the two cases that leads to self-heating and thermal runaway. A 
comparison of NS with 150 V in Figure 8-13 with DC voltage, and in Figure 8-14 with 
AC voltage are made. The current density measurements for these two samples are shown 
in Figure 7-8a as 150 V 0 Hz and 150V 1 kHz. Note that the sample in the IR images is 
located in the center with the anode at the top and cathode at the bottom. Figure 8-13 
compares the same NS sample with 150 V DC at two furnace temperatures; 353.5°C and 
363.6°C. Since the furnace heating rate was 10°C/min and the two images were captured 
within 40 s of each other, the massive difference in sample temperature is due to thermal 
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runaway. In the DC case in Figure 8-13 the hottest temperature measurement was on the 
anode side of the glass similar to Figure 8-10. Within 40 seconds the sample temperature 
jumped by about 1,400°C and is non-uniform. In the case of AC in Figure 8-14 the two 
images were taken about 270 s apart at furnace temperatures of 385.3°C and 428.6°C. 
The temperature change of the furnace was observed to be greater than in sample. 
The self-heating of the NS in AC is uniform and the hottest measurement was in the 
center of the sample between the electrodes. This indicates that thermal runaway is 
limited which is likely a result of the oscillating voltage where thermal runaway is started 
and stopped every half-cycle of the frequency. The use of DC voltages leads to extreme 
localized heating and glass softening while AC contributed to uniform heating and 
softening. However, it was observed in infrared videos taken during AC that localized hot 
spots still develop similar to those seen in DC. These hot spots in AC were much smaller 
compared to those in DC, presumably due to dielectric breakdown occurring during half 
of the voltage cycle while self-healing during the second half-cycle from thermal 
runaway. This process would prevent a continuous dielectric breakdown forming intense 
localized heating measured in the case for DC voltages. 
8.6 Finite element analysis of thermal runaway 
Finite element analysis (FEA) was used to calculate the thermal runaway behavior on 
the dependence of initial sample temperature along with its dependence on the alkali ion 
depletion layer thickness. These calculated results are then compared to experimental 
values for validity and insight. 
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8.6.1 Model setup 
FEA calculations used Comsol version 5.2.0.220 software. For thermal modeling via 
Joule heating the electric currents AC/DC module was combined with the heat transfer in 
solids module using a Multiphysics coupling of electromagnetic heat source and 
temperature. Two domains were created in series representing the alkali ion depletion 
layer and bulk.  
This FEA contains two limitations in thermal runaway calculations. First, the two 
domains modeling the alkali ion depletion layer and bulk of the sample are 1-
dimensional. Therefore, a radial temperature gradient from center-to-surface of the 
modeled glass was not considered. The only temperature gradient allowed was the 
thermal profile from anode to cathode. 
A set of material properties were assigned to each domain. The domain representing 
the alkali ion depletion layer was modeled as silica glass. The temperature dependent 
electrical conductivity was taken from literature values following the relation 
σSilica=350*exp(-1.3 eV/ kb*T) [S/m].[82] The second domain represented the bulk NS 
glass material properties. The temperature dependent electrical conductivity of the bulk 
NS was taken from impedance spectroscopy measurements of Figure 4-6. Comsol 
multiphysics’ nearest function interpolation method was used to extrapolate 
conductivities at higher sample temperatures as the following relation σNS=12500*exp(-
0.61 eV/ kb*T) [S/m]. The thermal conductivity of both domains were set equal to 1.38 
W/m.K with a heat transfer coefficient for convective heat flow as 800 W/m2.K.[139] 
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The heat transfer coefficient used to calculate heat convection is assumed to be constant 
in the model. 
The two domains consisted of three boundaries; the outer boundary of the depletion 
layer, interface between depletion layer and bulk and the outer boundary of the bulk. The 
outer left boundary (depletion layer domain) was designated as the anode with an initial 
voltage of 200 V applied using a terminal boundary. The right outer boundary (bulk 
domain) was set as the cathode where ground was established. The terminal boundary 
was used instead of an electric potential boundary to simulate the effect of a power 
resistor in series with the glass sample acting as a current limiting resistor to 0.3 A. A 
logic statement (see Appendix C: Part 2) was used to limit the amount of voltage applied 
at the terminal to limit the current to 0.3 A, if needed. Convective heat flux was allowed 
at the outer boundaries while a diffuse surface boundary was used for heat loss through 
radiation. A cross sectional area of 25 mm2 was used to match the one used in EFIS 
experiments. The initial furnace temperature ranged from 500 K (227°C) to 700 K 
(427°C) in 50 K intervals. Lastly, the depletion layer thickness dependence was measured 
at 700 K with its value ranging from 5 nm to 50 µm. 
The mesh for the depletion layer domain contained 200 elements. Typically, the 
depletion layer thickness of 100 nm would have a mesh density of 2 elements/nm. In to 
the bulk domain, only 500 elements were used to reduce computing time. The bulk mesh 
density was close to 50 elements/mm. All thermal runaway simulations were tested from 
0 to 30 s with 1 s intervals. Most experiments during EFIS experienced viscous flow of 
the sample within 30 s of entering region IV of Figure 7-1 with large current.  
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The main equations used to calculate heat generation within the finite element model 
are summarized next. The current density calculated from within the two domains was 
calculated between each element node. 
𝐽𝑇𝑜𝑡𝑎𝑙 =  𝜎𝐸 + 𝐽𝑒    (Equation 8-5) 
where JTotal is the total current density [A/cm
2], σ is the electrical conductivity [S/cm], E 
is the local electric field strength [V/cm] and Je is external current density which was set 
as zero for this analysis. The amount of energy dissipation from electrically resistive 
losses was then calculated using current density from Equation 8-5 multiplied by the 
local electric field strength at each element node along the 1-dimensional model to give 
energy density as: 
𝑄𝑒 = 𝐽𝑇𝑜𝑡𝑎𝑙 ∗ 𝐸    (Equation 8-6) 
where Qe is the energy density due to electrically resistive losses [W/cm
3]. Assuming 
complete conversion of energy dissipation into thermal energy, the increase in sample 
temperature or the temperature gradient between element nodes can be calculated by 
taking the energy density from Equation 8-6 and relating it to the thermal conductivity 
designated in material properties as follows: 
𝑄𝑒 = 𝜌𝐶𝑃
𝛿𝑇
𝛿𝑡
− 𝛻(𝐾 ∗ 𝛻𝑇)       (Equation 8-7) 
where ρ is density [g/cm3], CP is the specific heat capacity at constant pressure [J/g.K],  K 
is thermal conductivity [W/cm.K] and ∇T is the temperature gradient [K/cm] along the 
profile of the model. A more detailed explanation of the equations used to calculate both 
heat generation and heat loss throughout the finite element model is presented in 
Appendix C: Part 2. 
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8.6.2 FEA results of thermal runaway 
The dependence of initial furnace temperature on resistive heating was calculated 
using starting temperatures ranging from 227°C (500 K) to 427°C (700 K) in 50°C 
intervals with a depletion layer thickness of 100 nm. For example, the temperature profile 
of the entire model is shown in Figure 8-15 for each 1 s interval for 30 s. This profile is 
representative of the various initial temperatures. The amount of current through the 
depletion layer is the main source of resistive heating due to the large electric potential 
drop within a localized area. The current for each initial temperature simulated is shown 
in Figure 8-16a as a function of time to 30 s. At 227°C, the current gradually increased 
before an appreciable increase in current representative of a positive feedback was 
observed. Within 30 s, the temperature in the depletion layer is about 650°C which is 
about 425°C above the initial temperature of 227°C. The remaining initial temperatures 
of 277°C to 427°C displayed an exponential rise much faster as seen in Figure 8-16a, but 
the current reaches an asymptote prior to the artificial current limit boundary condition 
imposed on the system. As the initial starting temperature was increased, the highest 
temperature reached after 30 seconds also increased as shown in Figure 8-16b. For 
example, at 277°C, 327°C, 377°C and 427°C the highest temperature calculated in the 
depletion layer was 1525°C, 1600°C, 1625°C and 1650°C, respectively.  
The dependency of the temperature profile on depletion layer thickness was also 
investigated with FEA. The depletion layer thickness was varied from 5 nm to 50 µm 
with an initial temperature of 427°C. The dependence of the thermal profile after 30 s of 
self-heating is shown in Figure 8-17 as a function of distance from the anode. At 5 nm, 
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the thickness of depletion layer resistance prevented it from having much influence over 
the resistance of the bulk, therefore, the bulk heated quicker than the depletion layer. This 
resulted in a thermal profile that was symmetric with the center of the bulk being the 
hottest at about 750°C. An increase in the depletion layer thickness to 50 nm dramatically 
increased the resistance of the depletion layer allowing for localized heating up to 
1450°C. The maximum temperature of the depletion layer was reached with 100 nm at 
1650°C. Depletion layer thicknesses greater than 100 nm did not experience as severe 
thermal runaway near the anode. It was calculated that as the depletion layer increased, 
the maximum current decreased resulting in thermal runaway becoming suppressed as 
observed in Figure 8-17. 
8.6.3 FEA discussions 
The exponential rise of current in Figure 8-16a reveals the positive feedback of Joule 
heating. However, the rise in current reaches an asymptote showing a competition 
between heat generation via Joule heating versus heat loss through convection into the 
electrodes and radiation into the surrounding furnace temperature. In the model setup, a 
current limit using a logic statement was imposed at 0.3 A which was larger than the 
asymptote reached during FEA. A similar current limit of about 0.23 A was also 
measured experimentally. During EFIS, the series power resistor would limit the current 
during region IV to 0.5 A but was never reached as well. This shows that the self-
imposed limit results from heat loss. The calculated temperatures along the thermal 
profile match well with experimental measurements. Thermal imaging showed that 
temperatures above 1300°C (see Figure 8-10) was often reached using DC voltages. A 
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maximum temperature of 1868°C was measured near the depletion layer region during 
DC for NS with 150 V after 30 s of dielectric breakdown in Region IV as seen in Figure 
8-13.  
Simulations that varied the depletion layer thickness revealed an insightful trend in 
Figure 8-17 for the optimization of heat generation. At 5 nm, the resistivity of the 
depletion layer did not create localized heating near the anode. Instead, uniform Joule 
heating was experienced in the bulk of the glass as seen in Figure 8-17. In addition, the 
heat that was generated within the 5 nm depletion layer could dissipate quickly out into 
the electrode by convection. The maximum temperature experienced by the depletion 
layer was when its thickness was 100 nm. A depletion layer thickness beyond 100 nm 
began to limit the amount of current that could pass through the sample due to the larger 
resistivity of the depletion layer. In turn, the limited current reduced the Joule heating 
effects as seen in Figure 8-17. This suppressed thermal runaway and essentially 
eliminates its effect. This insight gained by thermal modeling can be applied to what has 
been observed through experimental thermal imaging. Thermal imaging videos show that 
the localized heating during EFIS near the anode is highly non-uniform (see supplemental 
video B). The localized hot spot also tends to shift side to side across the anode/glass 
interface region. The FEA supports this observation where intense localized heating 
creates a large depletion layer thickness due to thermally enhance migration of cations. 
The depletion layer thickness can then grow to be on the order of 50 µm which has been 
measured by EDS linescans such as shown in Figure 7-13. Upon reaching a relatively 
‘thick’ depletion layer of 50 µm, the thermal runaway is suppressed by limited current 
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through the localize hot spot. This process is a negative feedback loop of the dielectric 
material’s ability to sustain current in a localized area. However, in a region near the 
localized heating, conditions may be conducive for dielectric breakdown to continue by 
shifting over to a region that was heated by the nearby thermal runaway event but 
retained an ‘optimally’ thin depletion layer thickness of around 100 nm. The thermal 
runaway process continues to the new region until it becomes suppressed and shifts and 
so on. As neighboring ‘hot spot’ regions join each other, the collective resistance of the 
extended depletion layer will decrease and sufficient heat will be generated to introduce 
EFIS. Thus, heat transfer from the depletion layer into the bulk will eventually result in 
the bulk sample temperature reaching softening temperatures allowing for viscous flow to 
occur.  
From the simulated temperature profiles within the depletion layer, it is expected that 
a spectrometer could observe blackbody radiation. The blackbody radiation spectra of 
temperatures readily modeled in Figure 8-17 of 800°C, 1200°C, 1450°C and 1600°C are 
plotted in Figure 8-18.[140] The measured photoemissions, such as Figure 8-6 and Figure 
8-7, do not match that of the corresponding blackbody radiation of 1600°C. The 
theoretical maximum intensity wavelength of the simulated blackbody radiation at 
1600°C occurs at a wavelength of 1.55 µm. This wavelength increases with decreasing 
temperature where at 800°C the wavelength would be 2.7 µm. In the measured spectra 
during EFIS, the maximum intensity of the background occurs at a wavelength of 530 
nm. If this background was the result of blackbody radiation it would correspond to a 
blackbody temperature of 5195°C. Also, in Figure 8-6 and Figure 8-7, the spectra do not 
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appear to extend into infrared wavelengths as expected from blackbody radiation. 
Therefore, supported from the calculated thermal modeling and dielectric breakdown 
analysis, the resulting photoemissions of EFIS is a result of charge injection from the 
anode into the glass and causing as Bremsstrahlung radiation. 
8.7 Mechanism of EFIS 
Based on various observations discussed above, the following mechanism of EFIS is 
proposed, as represented schematically in Figure 8-19. showing dielectric strength 
presumed to be composition independent (red, dash dot line), electric potential (blue, 
solid line) and local electric field (green, dashed line) across different sections of the 
sample, each of which is assumed for simplicity to be uniform within itself. The tan 
region represents the alkali ion depletion layer while shaded blue section represents the 
depletion layer/bulk interface. The EFIS mechanism comprises of several steps 
corresponding to the four Regions (I-IV) identified in Figure 7-1 as follows: 
a) Region I: Alkali ions shift to align in the direction of the applied voltage 
where no long-range migration occurs. The electric potential drops linearly 
across the entire sample creating an internal electric field well below the 
dielectric strength. (Figure 8-19a) 
b) Region II: Alkali ions migrate away from the anode creating an electric 
double layer. It starts the transition between Region I and Region II, and 
initiates a large local internal electric field, approaching the dielectric 
breakdown strength [32]. (Figure 8-19b) 
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c) Region II: The formation of an alkali ion depletion layer starts near the anode 
where resistivity increases dramatically. Increase in temperature provides 
thermal energy to continue current density rise of Region II. A small voltage 
drop across this thin layer produces a large local internal field near the 
dielectric breakdown strength. Here, electronic charges (likely from ionization 
of non-bridging oxygens) become mobile resulting in a mixed ionic-electronic 
transport [32]. (Figure 8-19c) 
d) Region II: Further growth of the depletion layer continues, both in resistivity 
and thickness, until almost the entirety of the poling voltage drops across it. 
At this point the current density reaches a maximum. The layer thickness is on 
the order of 100 nm [32]. (Figure 8-19d) 
e) Region III: At higher furnace temperatures anion migration and hydrogen 
injection contribute to charge flow. Anion migration toward the anode results 
in the formation of molecular oxygen. (Figure 8-19e) 
f) Region IV: Further increase in sample temperature decreases the dielectric 
breakdown strength of the depletion layer to the point where the local internal 
electric field exceeds it resulting in dielectric breakdown and causing hole 
injection from the anode, which produces photoemissions. Intense local 
heating continues the growth of the depletion layer to several micrometers in 
thickness. Local heat transfers into the bulk, thus increasing the temperature 
of the entire sample for softening (Figure 8-19f). This is accompanied by the 
coalescence of molecular oxygen which escapes as gas or forms bubbles. 
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Heat transfer into the bulk was estimated using Fourier’s law prior to and during 
dielectric breakdown. The estimated heat flux was taken as the product of voltage and 
current divided by the cross-sectional area. The thermal conductivity was calculated from 
values measured on glasses with the same parent glass composition [141,142]. Prior to 
breakdown the heat flux was measured as 460 W/m2 while during breakdown it increased 
to 9.3x105 W/m2. As an approximation, a distance from the depletion layer into the bulk 
of 1 mm was chosen for the temperature gradient. Prior to breakdown the temperature 
difference was calculated to be 0.5 K. During breakdown, this temperature difference 
increases dramatically to 920.7 K due to large current flow. This gives an estimate of 
1275°C for the temperature within the depletion layer during breakdown and agrees well 
with FEA calculations. The collective heating from localized hot spots in DC followed by 
heat transfer toward the bulk glass increases the sample temperature inducing viscous 
flow for softening. 
8.8 Chapter summary 
Finite element modeling predicts the alkali ion depletion layer thickness that was 
measured via ToF-SIMS from electro-thermal poling. The 50% sodium concentrating 
measures the amount of alkali migration while the width of the concentration rise 
indicates the amount of back diffusion. A characteristic depletion layer thickness of 5 nm 
was found to start the current decay process during depletion layer formation. 
Dielectric breakdown was studied in terms of accumulated charge density just prior to 
its surge. It was calculated that only about 30% of the charge prior to breakdown was 
associated with cation conduction while the rest was from a combination of anion and 
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electronic conduction/injection. The observed photoemission spectra support dielectric 
breakdown as due to hole injection and thermal runaway. 
Resistive self-heating beyond the furnace temperatures of glass samples was 
estimated empirically through power dissipation measurements as well as modeled via 
finite element analysis as a competition between heat generation and dissipation to the 
surroundings. The depletion layer thickness was varied to understand how heat 
generation balanced dissipation via thermal conduction and radiation. Thermal runaway 
estimates agree with infrared imaging of EFIS. Finite element modeling predicts an 
overall depletion layer temperature of about 1600°C while infrared imaging measured 
about 1800°C. The discrepancy in values could result from FEA modeling the sample as 
one-dimensional whereas under experimental conditions heat buildup in the center of the 
glass could occur as well as using a temperature independent thermal conductivity. Both 
photoemissions and localized heating were observed to occur simultaneously in the same 
area of the glass. These were observed to move back and forth near the anode/glass 
interface. The motion of localized heating was attributed to the growth of depletion layer 
thickness due to enhanced cation mobility but was suppressed by the depletion layers 
associated resistance. 
The overall mechanism of EFIS is proposed, which results from dipolar polarization, 
alkali ion migration, anion migration, proton and hole injection followed by dielectric 
breakdown ultimately resulting in thermal runaway. Heat transfer from the depletion 
layer into the bulk then increases the overall sample temperature to allow for glass 
softening.  
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Table 8-1: Peak centers of the 2L8NS photoemission during 200 V applied test condition 
as seen in Figure 7-16. The peak centers were matched to alkali ion electron energy level 
transitions.[126] 
200 V applied electron energy level transition table 
Peak 
Label 
Peak 
Center 
(nm) 
Peak 
Energy 
(eV) 
Transition[126] 
Energy of the 
levels [126] 
(eV) 
Transition 
Energy 
Difference (eV) 
A 499 2.48 Na  I    5d to 3p 4.59-2.10 2.49 
B 569 2.18 Na   I   4d to 3p 4.28-2.10 2.18 
C 589 2.10 Na  I    3p to 3s 2.10-0 2.10 
D 592 2.09 Na   I   3p to 3s 2.10-0 2.10 
E 611 2.03 Li   I   3d to 2p 3.87-1.84 2.03 
F 615 2.02 Na I   5s to 3p 4.12-2.10 2.02 
G 671 1.85 Li   I   2p to 2s 1.85-0 1.85 
H 767 1.62 K   I   4p to 4s 1.62-0 1.62 
I 820 1.51 Na   I   3d to 3p 3.62-2.10 1.52 
 
Table 8-2: EDS measurements of powder buildup on compression hook after 2L8NS 
tested at 200 V/cm, as shown in Figure 7-9. Note: Li could not be detected due to 
window absorption from the detector. 
Scan Area C at% O at% Na at% Si at% 
Spot 1 3.77 40.67 16.28 39.28 
Spot 2 3.12 48.67 16.52 31.69 
Overall 3.83 49.04 17.36 29.77 
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Figure 8-1: Representative FEA charge carrier behavior for NS with 200 V applied for a) 
sodium concentration profile and b) corresponding electrical conductivity attributed to 
composition variation within 100 nm from the anode for 20 seconds.  
  
a) 
b) 
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Figure 8-2: FEA depletion layer thickness after 20 seconds for a) various temperatures 
from 100°C to 350°C with 10, 50 and 90% concentration of bulk values and b) depletion 
layer thickness at the 50%, 10% to 90% transition width and depletion layer midpoint 
thickness minus half the transition width as a function of temperature. 
  
a) 
b) 
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Figure 8-3: FEA current density decay as a function of time for depletion layer formation 
in a temperature range from 100°C to 350°C. 
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Figure 8-4: Current density through 2L8NS glass with 150V applied. Run 1 sample was 
ramped at a constant heating rate of 10℃/min until EFIS. Run 2 also was heated at 
10℃/min, but then held at 420℃. 
 
 
Figure 8-5: Accumulated charge density threshold measured prior to breakdown versus 
external voltage applied across samples of each glass composition. Dashed line is least 
squares fit to the data for NS. 
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Figure 8-6: Photoemission spectra at the 200 V/cm test condition ranging from 350-900 
nm for NS (black, bottom) and 2L8NS (blue, top). Peaks labels correspond with those 
listed in Table 8-1. 5L5NS has same peaks as 2L8NS. Note: Intensity of 2L8NS was 
offset by an arbitrary amount for comparison. 
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Figure 8-7: Photoemissions from LS sample during the high current region of electric 
field-induced softening. Applied voltage was 200V. The inset scale shows the three major 
characteristic peak positions. 
  
230 
 
 
 
 
 
 
 
 
b) c) 
d) e) 
a) 
Figure 8-8: After testing 2L8NS with 200 V/cm a) buildup of white powder was 
observed on the compression hook near the anode. The powder was investigated 
using EDS where b) spot 1 is indicated by the red crosshairs with its c) collected 
spectrum and d) spot 2 again indicated by the red crosshairs with its e) collected 
spectrum. The semi quantitative compositions are given in Table 8-2. 
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Figure 8-9: Energy dissipation and corresponding increase in sample temperature beyond 
furnace temperature for NS 150 V DC from Fig. 7-8a. Energy dissipation calculated from 
Eq. 7-1 and temperature increase from Eq. 7-2. 
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a) b) 
c) d) 
Figure 8-10: Series of infrared images of NS with 200 V applied from video 
at a) start of thermal runaway (time=41 s), b) localized heating during EFIS 
(time=43 s), c) anode discharge following intense heating (time=45 s) and d) 
localized glass softening (time=54 s). Note: Anode is located at top of sample 
233 
 
   
Figure 8-11: IR image of NS with 200 V DC for a) temperature cursor locations and b) 
cursors temperature average of 3x3 pixels for anode, bulk and cathode glass regions 
along with furnace and anode temperatures for the first 22 s of EFIS thermal runaway. 
a) 
b) 
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  a) 
b) 
Figure 8-13: IR images of NS with 150 V applied in DC at a) run 
time=2069.4 s and furnace temperature=353.5°C and b) run time=2108.5 s 
and furnace temperature=363.6°C. Note: Color scale was not updated but 
hottest pixel is identified with accurate temperature reading. 
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Figure 8-14: IR images of NS with 150 V 1000 Hz applied in AC at a) run 
time=2130 s and furnace temperature=385.3°C and b) run time=2403 s 
and furnace temperature=428.6°C. Note: Color scale was not updated but 
hottest pixel is identified with accurate temperature reading. 
a) 
b) 
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Figure 8-15: Simulated a) electric potential and b) temperature profiles of NS resulting 
from self-heating at 1 s intervals over 30 s total with 200 V DC applied at an initial 
temperature of 277°C. The anode/glass interface is located at 0 mm while glass/cathode 
interface at 10 mm in the model. 
  
a) 
b) 
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Figure 8-16: Model calculations of thermal runaway of NS at various initial temperatures 
with a depletion layer thickness of 100 nm for a) current during 30 s of self-heating and 
b) thermal profile at 30 s. Note: Current limit reach is a result of heat generation versus 
heat loss. 
  
a) 
b) 
239 
 
 
Figure 8-17: Thermal profiling at 30 s of self-heating as a function of depletion layer 
thickness. Below 100 nm, heat loss from the depletion layer occurs rapidly. Above 100 
nm the depletion layer resistivity limits the current as a negative feedback. 
 
Figure 8-18: Calculated blackbody radiation spectra during thermal runaway.  
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Figure 8-19: Sketch of the various steps of EFIS at the anode/glass interface with an 
applied voltage during constant heating. The dielectric breakdown strength (red, dashed 
dot line), local internal electric field (green, dashed line) and electric potential (blue, solid 
line). Processes for a) dipolar polarization of region I, b) start of alkali ion migration in 
region II, c) formation of depletion layer in region II, d) growth of depletion layer in 
region II, e) anion migration in region III and f) onset of dielectric breakdown in region 
IV. Note: Sketches b, c and d are adapted from Zakel et. al. for convenience.[32] 
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Chapter 9: Conclusions and future work 
9.1 Conclusions 
This dissertation has studied electric field-induced softening as an innovative 
processing technique that could readily obtain savings by both energy reduction and 
processing time of glass forming. Not only does this technique allow for cost savings but 
it also opens avenues for glass surface patterning, shaping and controlled compositional 
modifications. Understanding the underlying mechanism and dependencies of EFIS were 
crucial to tailoring the effect to create a processing technique with its desired outcome. 
The objectives of this dissertation were outlined in Chapter 2. These were to seek 
answers to the following questions: (1) Is there a viable electric field-induced softening 
phenomenon? (2) What are the quantitative dependences of EFIS such as glass 
composition and applied voltage? (3) What mechanisms are responsible for EFIS? (4) 
How can EFIS be appropriately modeled and optimized for glass industry use? This final 
chapter summarizes how the results of the previous chapters have addressed these 
questions. 
In this dissertation, electric field-induced softening has been reported as a viable glass 
softening phenomenon that occurs in bulk glass in both DC and AC. The quantitative 
reduction in furnace temperature for EFIS depends on multiple parameters: glass 
resistivity, applied voltage, frequency, current limit and heating rate. The observed 
reduction in furnace temperature for glass softening ranged from essentially nothing up to 
almost 200°C. The applied pressure determines only the rate of viscous flow during EFIS 
of the glass samples. 
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There are many underlying processes that occur which form the mechanism of EFIS 
of alkali silicate glasses. Upon heating the sample at constant rate under electric field 
first, dipolar polarization of alkali ions occurs where the cations align with the external 
electric field around their associated non-bridging oxygen in short-range movement. 
Next, the alkali ions migrate away from their non-bridging oxygen charge compensating 
centers via long-range movements. This migration forms an alkali ion depletion layer 
near the positively charge electrode. Growth of the depletion layer continues until almost 
the entirety of the applied voltage drops across it. The depletion layer thickness prior to 
field induced melting is shown to be on the order of 100 nm thick by ToF-SIMS. Since 
almost all the voltage drops across this thin layer, a large internal electric field is created, 
which induces mixed ionic-electronic conduction. At higher furnace temperatures anion 
migration and proton injection can also occur within the depletion layer. Eventually, at 
high enough furnace temperatures the local electric field strength exceeds the dielectric 
breakdown strength of the depletion layer. Conditions conducive for dielectric 
breakdown occur and large current passes through the sample. The amount of power 
dissipation determines the resistive heating and positive feedback of thermal runaway. 
Temperatures above 1300°C were regularly reached within the glass closest to the 
positive electrode as demonstrated by thermal imaging. The competition between heat 
generation and heat loss determines the temperature profile of the glass sample. Heat 
transfer of thermal runaway within the modified glass region nearest the positive 
electrode into the bulk increases the overall sample temperature leading to the observed 
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EFIS. Post-mortem samples had depletion layer thicknesses of about 50 µm as measured 
by EDS. 
Modeling of EFIS has been accomplished successfully using two finite element 
analyses. The first model focused on charge carrier migrations to predict alkali ion 
depletion layer formation and its properties. The second model gave insight into the 
process of thermal runaway that could occur during EFIS. An important insight gained 
from modeling was the temperature profile’s dependence on depletion layer thickness. 
The model showed that as the thickness grew toward 50 µm, the current was suppressed 
thereby the localized heating was limited. This observation from FEA explains how the 
breakdown process continued to move across the anode/glass interface as observed 
experimentally in videos. 
The combination of the two finite element models could be used to tailor shaping 
techniques used within the glass industry. For example, if it is known that a certain 
temperature is needed within the glass to create an imprint or bulk softening, the 
temperature profile can be predicted with FEA. It has been shown that the temperature 
profile heavily depends on the thickness of the depletion layer in DC. Therefore, the 
thermal profile can be tailored by controlling the depletion layer thickness.  From the 
charge carrier model and experimental data, we show that voltage, temperature and time 
determine the depletion layer thickness. We also show that pressure can be tailored to 
achieve specific displacement rates upon viscous flow of glass. The technique could also 
be tailored by changing the geometry of the anode to allow for surface or near surface 
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feature imprinting. These combinations of process parameters can become a powerful 
tool in the future of glass forming in industry. 
9.2 Future work 
9.2.1 Low-frequency depletion layer formation 
Upon investigation of thermally stimulated current densities with AC voltages using 
NS, a decrease in electrical conductivity was observed prior to thermal runaway on a few 
samples. The electrical conductivity of glass should always be increasing with 
temperature below Tg. A ‘dip’ in current density with increasing temperature is shown in 
Figure 9-1 by the red arrow. This decrease in current density at higher temperatures was 
observed only with three samples and they were treated the same as the samples shown in 
Figure 7-8a which did not show the dip in current. However, this decrease in current 
density could not be reproduced after these initial three runs for 60 Hz, 125 Hz and 125 
Hz repeat. Therefore, further work should be conducted at lower frequencies to 
investigate plausible causes. 
It is initially thought that this decrease in current density with temperature is a result 
of the formation of an alkali ion depletion layer similar to the DC case. From the current 
density decay results of electro-thermal poling NS in Figure 6-8, a majority of the charge 
flow occurs quickly upon application of the DC voltage. For example, let us assume a 
depletion layer of about 30 nm is large enough to impede further current density and 
cause a dip similar to the decrease seen in region II depletion. A 30 nm depletion layer 
would correspond to a charge density of approximately 4.8x10-3 C/cm2. The decrease in 
current density occurred at about 5x10-2 A/cm2 corresponding to a time to form a 30 nm 
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depletion layer being around 100 ms which is 10 Hz. However, the depletion layer should 
only be formed every half-cycle suggesting a frequency of 5 Hz is needed for a sufficient 
amount of charge to pass instead. Thicker depletion layer formations would require 
longer times further reducing the associated frequency. Although this approximation 
suggests that the decrease in current density is not likely due to the formation of a 
depletion layer at 60 or 125 Hz, such an impeding layer could be a possibility at slightly 
lower frequencies. 
EFIS at lower frequencies could yield interesting depletion layer dependencies in the 
range of 0.1 Hz up to 10 Hz. There is a lack of literature on the effects of alkali ion 
depletion layer on electrical characteristics of glass at low frequencies and could be an 
interesting topic to explore. The current AC power supply relies on driving a transformer 
to achieve the high voltage and unsuitable at frequencies below 60 Hz. The AC driving 
system would need to be redesigned to accommodate this change. 
9.2.2 EFIS with in situ impedance spectroscopy 
The dielectric characteristics of the depletion layer can further be investigated by 
superimposing a comparatively small AC voltage (1 to 2 Vrms) for in situ impedance 
spectroscopy together with a larger DC voltage (100 to 200 V). A similar study was 
conducted where following each thermally stimulated current peak the sample was held 
isothermally while a frequency sweep was measured.[53] The application of in situ 
impedance spectroscopy has also demonstrated that the dielectric constant with respect to 
frequency for each equivalent circuit can be calculated.[53] If this is done for EFIS, the 
temperature dependence of each thermally stimulated regions could be determined. 
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It is expected that the impedance of the alkali ion depletion layer increases with 
temperature during EFIS. However, once the depletion layer has grown to a maximum 
thickness the impedance is expected to level off. The capacitance can be used to estimate 
the in situ depletion layer thickness.[36] The main purpose of this technique would be to 
confirm the thermally stimulated peak in region III of Figure 7-1 as anion migration and 
to track the dielectric constant until dielectric breakdown. The main challenge will be that 
EFIS is done at a constant heating rate and dielectric breakdown occurs within 
milliseconds. The frequency sweep (10-2 to 104 Hz) for impedance spectroscopy can take 
approximately two minutes meaning that the sample is changing on a time scale faster 
than a single spectrum can measure. To address this, a slower heating rate can be 
implemented expecting a shift in current density with temperature as seen in Figure 7-7. 
A reduction in heating rate shifts EFIS to higher temperatures allowing for longer times 
to complete a frequency sweep prior to dielectric breakdown. 
9.2.3 Alkali ion concentration study 
The dependence of EFIS on alkali concentration can be investigated using several 
potassium germanate glass compositions. A large variation in alkali content can be 
achieved using germanium as the glassy network formers due to the absence of phase 
separation that is observed in sodium silicate glass system.[143,144] A series of a xK2O ● 
(1-x) GeO2 where x ranges from 0.02 to 0.2 will vary the alkali content by an order of 
magnitude. It is hypothesized that the EFIS effect will be dramatically reduced with a 
decrease in alkali content since EFIS has already been shown to be highly dependent on 
glass resistivity. However, it will be interesting to compare the alkali ion depletion layer 
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thickness dependence on parent glass composition. From space charge theory developed 
by Von Hippel, the alkali ion depletion layer thickness should be inversely proportional 
to the square root of mobile ion concentration.[69] However, it has been reported that this 
model appears to be too simple for highly alkali-rich systems, and we need to account for 
a second charge carrier beyond alkali ion migration.[33,145,146] A coherent model for 
depletion layer thickness that works with a wider range of alkali ion concentration is 
lacking and further investigation such as the one proposed here are needed. It is possible 
that a change in alkali content rearranges network structure, which may affect subsequent 
alkali ion depletion layer formation.[144] 
9.2.4 Photoemission origin 
Though it is believed that the photoemission from alkali disilicate glass occurs due to 
hole injection during dielectric breakdown, further experiments should be done for 
confirmation. It has been suggested that the characteristic peaks originate from the 
oxidation of alkali ions.[21] Two experiments can be done to verify these interpretations 
as electron or plasma excitations. First, a study can be done in collaboration with the 
Princeton Plasma Physics Laboratory for determining if the photoemissions are due to 
plasma that is generated from extreme localized temperatures. This can be done using a 
special high speed camera along with high speed current measurements. The 
photoemissions of a plasma can be categorized in three ways; hot plasma, strongly 
ionized plasma or weakly ionized plasma.[147] It is likely that the photoemissions 
observed during EFIS fit into the strongly ionized plasma category. In such plasma the 
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photoemission spectra is determined by both the long-range Coulomb forces and the 
internal structure of particles (atoms or ions) with their collision kinetics.[147] 
A second study would be to construct the electronic band structure of the modified 
alkali ion depletion layer. This can be done by using a specialized XPS technique that 
measures the near zero binding energy region of the spectrum, which contains 
information about the valence band.[148] From here, the donor and acceptor levels within 
the bandgap could be found and possibly account for the short-wavelength limit of 3.5 eV 
of EFIS photoemissions. It was expected that the limit would have a larger energy 
associated with dielectric breakdown. This was assumed if the alkali ion depletion layer 
composition is similar to silica where the bandgap is larger compared to the parent glass 
composition. However, small amounts of alkali could reduce the bandgap energy to the 
observed value. 
9.2.5 Finite element model refinement 
The charge carrier and thermal heat transfer models can be combined to investigate 
the entire EFIS from room temperature to softening temperatures. This comprehensive 
model of EFIS will allow the process to be tailored for specific heat profiles within the 
glass samples. To achieve this, the diffusion and migration terms will need to become 
temperature dependent while the entire model is heated externally. Also, the mesh scale 
difference between mass transport and heat transfer will need to be compensated. It was 
found during FEA that mass transport occurs on a finer mesh scale than heat transfer. 
Running the whole simulation with a finer mesh size will require larger computing power 
than by splitting the two simulations performed here. 
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The model could also be expanded to include all compositions presented in this 
dissertation. In addition, if the material properties are well known for other glasses the 
model could be used to predict the behavior of glass not yet tested for EFIS. A step 
further could relate the viscous behavior of each glass composition to the thermal profile 
during EFIS. The effect of Joule heating could be used to calculate deformation when a 
pressure is applied to the boundary conditions. 
Lastly, all finite element modeling only considered the effect of DC voltages on NS 
glass. The model could be expanded to include a parametric sweep of AC frequencies. At 
low frequencies (<60 Hz) the formation and annihilation of alkali ion depletion layer is 
expected, whereas at higher frequencies (above RF range) the ion response is not 
expected to be affected by the oscillating voltage. The application of AC field can also be 
used to calculate the temperature profile that is expected to be symmetric as seen in 
thermal imaging such as seen in Figure 8-14. The applied voltage and frequency could be 
tailored in the simulation to control EFIS behavior. 
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Figure 9-1: Frequency dependence of current density of NS during heating at 10°C/min 
for EFIS with 150 V. The red arrow indicates decrease in current density for 60 Hz and 
125 Hz samples. 
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Appendix A: Dielectric measurement procedure 
1. Make sample disk by grinding and polishing to a 400 grit surface finish where the 
sample thickness is ~2mm or less 
a. The thinner and wider a sample will give less noise in the data 
2. Cover edges of sample with carbon tape then sputter gold on the entire bottom 
surface 
3. Flip sample over, place washer on top surface of sample and sputter gold again. 
a. The washer is used to create a guard ring for grounding the sample 
b. Three electrode configuration 
i. High Tension – Top middle 
ii. Low Tension – Bottom 
iii. Ground – Outside Top 
4. Clean wires with acetone before attaching to setup 
5. After attaching the sample to the setup, place setup inside alumina tube of furnace 
a. Make sure mark on tube lines up with the edge of the furnace 
b. Hook up thermocouple to fluke meter 
c. Connect ground to the ground wiring on the back of the setup 
6. Turn on temperature control and adjust temperature control manually with excel 
calibration file 
7. Turn on Andeen capacitance bridge 
8. On the computer, open Microsoft Advanced Basic for conductivity testing 
a. F3 to load a program 
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i. LOAD”c:\basic\bridge_c” 
ii. Enter 
b. F2 to run program 
i. Ask which communication port 
1. 2 -> Enter 
9. Set bridge by hitting reset -> 6 -> 1 
a. Press enter to send test command to see if bridge is reading correctly 
10. Press enter to send command and continue 
11. Enter # of samples 
12. Enter output file name *Make sure to add file type of .out to file name* 
a. Example.out 
i. Saves to c:\basdata 
13. Program asks if you want to redefine output file name 
a. Enter to continue if satisfied with name 
14. Press 2 to run a measurement and hit enter 
15. Enter command F04G6 in uppercase for frequency sweep 
16. Enter starting temperature [C] to start test 
17. Enter end temperature [C] 
a. Usually do 3 measurements per temperature step for statistics 
18. When done with all measurements press 4 then hit enter to exit Basic 
19. Then type SYSTEM and hit enter to close window 
Turn off Andeen capacitance bridge when done 
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Appendix B: EFIS measurement procedure 
1. Record dimensions and mass of test specimen in WH 339b 
2. Turn on ATS Creep Tester in WH 179 and furnace controls with front two main 
power switches 
3. Apply carbon paste to top and bottom of the test specimen 
a. Wipe excess paste off with Kimwipe and let dry 
4. Load DATAQ Instruments Hardware Manager 
a. In edit menu change sampling rate to 1 point/sec or faster 
b. Also add channels 5, 6 and 7 
5. Open Excel template for data collection 
a. While waiting for both programs to open record starting TARE cylinder 
value 
6. In Excel fill in the cells that are highlighted yellow and save file as #Glass Type 
and votlage 
a. From height dimension calculate the external electric field from the 
desired applied voltage [V/cm] 
7. If needed, replace graphite electrodes or Macor® by removing the pins from the 
compression C-hooks from the pull rods. 
a. If a new electrode is needed, cut graphite using low speed saw to 1.75mm 
thick X 8mm wide X 14mm long. Then two grooves need to be filed near 
to end of one long dimension in order to hold the copper wire loop in 
place. 
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b. If new Macor® is needed, cut Macor® to the dimensions that will cover 
most of the space between the opening of the two C-hooks for top and 
bottom. This can easily be done using a hacksaw and vice with a piece of 
wood. 
c. Place the C-hooks back on the pull rods  
8. Set ATS creep Tester to LOAD to engage pull arm 
9. Open the air valve slightly in order to let enough air pressure to raise the bottom 
pull rod. Builds up to 30 lbs then wait until the applied pressure returns to zero or 
near zero on readout screen. 
10. Once bottom pull rod has reached the top (Think of this as building from bottom 
to top for the sample setup), place a piece of Macor® on the bottom C-hook.  
a. Then place the graphite cathode on top of the Macor®.  
b. The sample is then placed standing up with the graphite paste in contact 
with the graphite electrode.  
c. The reverse is done for the top where the anode is in contact with the top 
of the sample.  
d. The top Macor® piece then is placed to separate the electrode from the C-
hook. 
11. When finished, hold the setup steady with your left hand and then apply 4lbs of 
pressure using the thumbwheel. This will cause the bottom pull rod to move 
downwards and hold the setup itself. 
12. Then open the air valve a little more in order to apply <30 PSI 
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13. When the air pressure is steady, apply 7 lbs in order to force good contact 
between electrodes and sample. 
14. Now time to check the voltage; turn on the DC power supply and turn the knob on 
the front so the voltage is 15V. Check using blue multimeter and charge if 
necessary. 
a. Turn the circuit switch to ON and then check the voltage between the 
electrodes. Also check the voltage between each electrode and each C-
hook to make sure it is zero or very small. (We don’t want to have stray 
potentials) 
b. If there are any stray voltages on the C-hooks adjust the electrodes and 
wire leads from touching the C-hooks 
15. Once the voltages are fine, increase the DC power supply to the desired applied 
voltage 
16. Then increase the pressure (cross section x 10 = N) to 59lbs (250N) and close the 
furnace door. Make sure to close the four latches around the furnace starting with 
the bottom two.  
a. Then adjust the fiberfrax insulator around the bottom pull rod and the 
bottom of the furnace opening. 
17. Now connect the two batteries to the data collection circuit and check their values 
in DATAQ 
a. I recommend doing a test run in Excel before actually starting the test just 
to make sure everything is collecting properly. 
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b. Start a test run by going to the Add-Ins menu and clicking on the left 
button called start Windaq-XL 
c. In Device settings tab select DI-149. In Import Options tab select Time 
Stamp, Starting cell B7 and Rows to Fill 6000 and Select save Settings. 
d. Once these are filled out hit Start Import. 
e. If test numbers are good then stop data collection with the square stop 
button 
18. Set the furnace controls to proper heating rate and setpoint (Usually 10°C/min to 
620°C). Set the overtemperature controller to slightly higher ~850°C. 
19. Before starting the furnace make sure that: 
a. Voltage is on 
b. Correct pressure is applied (Typically 59lbs, 250N, 10MPa for 5mm X 
5mm sample cross section) 
c. Furnace is set 
20. On the furnace control press start and change to auto mode. 
21. Once the temperature of the furnace begins to rise, start the data collection and 
record the starting temp. 
22. After the data collection has started, click and drag the time reference cell (J31) to 
cell (I31) and double click bottom right corner of cell to extend to bottom of 
column. 
a. This is only needed if you want to see the graphs plotted in real time (I 
recommend this) 
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23. If video is to be collected, setup the camera on the tripod with the legs placed on 
the masking tape on the floor. 
a. Will not be able to see into furnace until blackbody radiation is great 
enough around 400°C 
b. Start recording video before significant deformation or flash occurs and 
record which cell the video recording started (This will help sync the data 
to video) 
24. If the photoemission is to be collected, open OceanView software in quick view 
a. Setup the save configuration to save in a folder for the test run after every 
5 scans. 
b. Add save directory with new folder then label the basename with the 5 
padding digits 
c. Press the save spectrum button before expect photoemission occurs 
End of Test Procedure 
1. After the test has completed, the first thing should be to switch the voltage OFF 
using the circuit switch 
2. Let the data collection continue for a few more seconds and then press the square 
stop button 
a. SAVE DATA with new file name than the template excel sheet. 
b. Stop photoemission collection 
c. Stop video recording (If cell wasn’t marked when video started, sync to 
when voltage was turned off if flashing occurred) 
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3. Then the furnace should be turned off manually by pressing the manual mode 
button on the furnace control. Then slowly decrease the output% down to zero 
and press the start/stop button. (It is a good idea to do this manually because it 
will lead to a longer lifetime of the heating elements inside the furnace) 
4. Next, dial down the voltage of the power supply slowly. Once the voltage is zero 
turn off the power supply. 
5. Then decrease the applied pressure using the thumbwheel by setting it to zero. 
a. The creep tester will take a few moments to release the pressure 
b. Also make sure to record the ending TARE cylinder pressure 
c. Unhook batteries 
d. Turn off blue multimeter 
6. When the furnace has cooled to about 350°C the air valve can be closed 
a. Unlatch the furnace door and open slightly to remove the Macor® pieces 
using the tweezers and place on bottom of furnace and close the furnace 
door 
b. To dump tare cylinder set the ATS Creep Tester to SETUP and turn the 
leftmost handle to dump tare pressure 
c. The Video can then be copied over from the camera to the desktop and 
SAVED 
7. Let the furnace continue to cool down naturally ( This will take a little bit more 
than an hour) 
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a. Once the furnace has cooled to ~70°C the furnace door can be opened 
again and the sample can be taken out 
b. A good portion of the time the sample sticks to the top electrode and needs 
to be carefully detached in order to not break the glass sample 
c. Once sample is removed place top of sample towards the front of the 
sample bag and close the furnace door for consistency 
8. Turn off power for ATS Creep Tester and furnace controls with front two main 
switches 
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Appendix C: FEA model equations 
Part 1: Alkali ion depletion layer finite element equations 
Electric Current Equations 
• Electric field from potential gradient:  
• Current density due to electrical conductivity, diffusion and external current density 
as:  or with corresponding dielectric properties  
• The charge associated with the gradient of the current density is calculated as: 
 
Nernst-Planck Equations 
• Mass transport by convection, diffusion and migration: 
 
• Conservation of electric charge: where Ri is the reaction term if 
needed 
• Electroneutrality condition:  
• Mass flux vector:  where u=0 
• Current density calculated from mass transport by diffusion and migration:
 Note: Convection contributes a net zero to current 
density. 
• Mobility of each ionic species calculated from their diffusion constants: 𝑢𝑚,𝑖 =
𝑒∗𝐷𝑖
𝑘𝑏∗𝑇∗𝐹
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Figure C-1: Calculated NS electrical conductivity dependence on Na2O concentration 
along with the temperature dependence based on activation energies for 48 sodium 
silicate glass compositions.[2,124] 
Part 2: Thermal profile finite element equations 
Used the same electric current equations from part 1 as a continuation to thermal 
profile calculations. To simulate the effect of a power resistor in series with the sample a 
logic statement was implemented to limit the current to 0.3 A by gradually reducing the 
applied voltage at the terminal at the outside boundary of the depletion layer domain. 
• Global equation applied to all elements that behaves similar to a weighted average as:  
(1-CC)*((Current-0.30[A])/0.30[A]) +(CC)*(ec.V0_1-200[V])/200[V] 
• Discrete state where CC = 1 or 0 acts as a constant voltage flag/warning 
• Indicator states:  (i) PeakV=ec.V0_1-200[V] indicates voltage exceeded 200 V 
   (ii) PeakI=ec.I0_1-0.30[A] indicates current exceeded 0.3 A 
• Implicit Event 1: PeakV>0 if so CC=1 to impose limit 
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• Implicit Event 2: PeakI>0 if so CC=0 to impose limit 
Heat Transfer Equations 
• Heat transfer equation in solids where u (velocity field of translational motion) and 
Qted (Thermoelastic damping) are assumed to not contribute and set to zero.
 
• Heat conduction in solids by the heat flux vector is described as the relationship 
between thermal conductivity and the temperature gradient as:  
• Heat loss via diffuse surfaces alters the heat flux vector at the boundaries as: 
 
• Convective heat flow out of the sample into the electrodes also alter the heat flux 
vector as: where and h is the heat transfer coefficient 
(Assumed 800 W/m2.K from literature) 
Electromagnetic Heat Source Equations 
• Multiphysics coupling represents the source term Qe (power density) calculated from 
the electric current equations and implements it into the heat transfer equations by the 
following relation as:   where again, the velocity field 
u, is zero for this analysis. 
• The resistive heating due to electric current is calculated from current density and 
electric field strength as:  
272 
 
Appendix D: Dissertation research publications 
 
[1] C. McLaren, W. Heffner, R. Tessarollo, R. Raj, H. Jain, “Electric field-induced 
softening of alkali silicate glasses”, Appl. Phys. Lett. 107 (2015) 184101. 
doi:10.1063/1.4934945. 
 
[2] C. McLaren, M. Balabajew, M. Gellert, B. Roling, H. Jain, “Depletion Layer 
Formation in Alkali Silicate Glasses by Electro-Thermal Poling”, J. Electrochem. 
Soc. 163 (2016) H809–H817. doi:10.1149/2.0881609jes. 
 
[3] C. McLaren, B. Roling, R. Raj and H. Jain, “Mechanism of electric field-induced 
softening of alkali silicate glasses”, Submitted to J. Non-Cryst. Solids, in press. 
http://dx.doi.org/10.1016/j.jnoncrysol.2017.06.025 
 
[4] C. McLaren, W. Heffner, H. Jain, “AC electric field-induced softening of alkali 
silicate glasses”, in preparation. 
 
[5] C. McLaren, N. J. Smith, R. Raj, H. Jain, “Thermal Imaging and Modeling of electric 
field-induced softening of alkali silicate glasses”, in preparation. 
 
[6] C. McLaren, H. Jain, “Restructuring of glass under DC field”, in preparation. 
 
[7] C. McLaren, N. J. Smith, H. Jain, “Athermal depletion layer formation under DC 
field”, in preparation. 
 
  
273 
 
Vita 
Charles Thomas McLaren was born and raised in Corning, New York by his parents 
George and Susan McLaren. He attended Erwin Elementary School, Northside Blodgett 
Middle School, and Corning – Painted Post West High School, from which he graduated 
in 2008. In August 2008, Charles enrolled in Rutgers University in New Brunswick, New 
Jersey where he majored in Materials Science and Engineering with a focus on ceramics 
and glass. He graduated with highest honors and received a Bachelor of Science degree in 
May 2012. Charles then chose to continue his education by enrolling in the graduate degree 
program at Lehigh University in the Department of Materials Science and Engineering, 
where he joined the International Materials Institute for New Functionalities in Glass (IMI-
NFG) under the advisement of Dr. Himanshu Jain. He graduated with his Master of Science 
degree in May 2016 and continued on toward his Ph.D degree in August 2017. 
 
